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ABSTRACT 
The goal of this study is to investigate the characteristics of mean drag and lift forces 
for a series of cylinders arranged in tandem with varying flow turbulence and surface 
roughness.  This goal was fulfilled by building a wind tunnel test section capable of 
generating both smooth flow and turbulent flow, and by adopting cylinder models with 
certain types of surface roughness as well as the smooth surface.  In both smooth flow and 
grid-turbulence flow conditions, single cylinders as well as multiple cylinders were tested.  
The tested Reynolds number ranged from 2.7×104 to 8.6×104.  For multiple-cylinder tests, a 
majority of the tests were conducted with cylinders aligned in tandem or as tops- leveled for 
unequal diameter cases.  A limited number of experiments were conducted for different 
alignment cases as the comparison.  The mean drag and lift coefficients were reported for 
individual cylinders as well as for combinations.   
A significant effect of flow turbulence was observed on both drag coefficients and lift 
coefficients.  The critical spacing was observed for most combinations in the smooth flow 
condition, which featured with an abrupt change of drag coefficients with a small change of 
spacing.  However, this feature was much less pronounced when these combinations were 
tested in the turbulent flow.  It was also found that for the combinations with larger cylinder 
in the upstream position, large combined drag coefficients and small lift coefficients were 
more likely to occur, especially in the smooth-flow conditions.  The force ratios were 
reported for all the tested combinations, which measure the reduction of the combined drag 
force compared to the sum of the drag forces when the cylinders stand independently.  
Results of force ratios showed that there was more reduction with more cylinders in the 
tandem group, and the reduction became less when the spacing between the cylinders 
 vii 
 
increased.  Recommendations for the design practice were developed based on the force 
ratios obtained from the tests in turbulent flow conditions. 
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CHAPTER 1.  INTRODUCTION 
1.1 General Background 
Wind-resistant design of industrial structures has been given growing attention due to 
the possible catastrophic effects in case of failure, especially in the areas where extreme wind 
events are likely to occur.  It may not only cause a huge economic loss, but also be 
devastating to the environment in some cases.  Pipe-rack structures are commonly found in 
petrochemical plants, chemical plants, power plants, etc. (See Figures 1.1 to 1.3).  In many 
cases, the calculation of the wind loads on pipe rack structures is not specifically addressed in 
the current design codes.   
 
Fig. 1.1 Pipe Rack Structures in a Petrochemical Plant 
In the latest version of ASCE 7, the U.S. national wind loading standard (ASCE, 
2002), only a simplified case for single cylinder is given.  This situation has forced the 
practicing engineers to over-simplify the procedure of wind load calculations, or to make 
many assumptions based on their own knowledge and judgment.  As a result, these 
simplifications or assumptions may over- or under-estimate the wind load.  A recent survey 
revealed that there was a large variation of the formulas for determining the wind loads on 
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pipe rack structures used different industrial design and prediction.  For a given pipe rack 
geometry and specified wind speed, a comparative study of industrial practices from 13 large 
companies showed that wind loads varies by more than a factor of five, due to use of 
different force coefficients and definitions of projected area.  The ASCE report also provided 
recommended guidelines for determining wind loads on pipe racks, but they were based 
solely on engineering judgment (ASCE, 1997). 
 
Fig. 1.2 Pipe Racks and the Supporting Structures 
 
Fig. 1.3 Close-up of Pipe Racks 
There have been a great number of studies concerning different perspectives of the 
flow around circular cylinders (also mentioned as “pipes” in this thesis).  Of primary interest, 
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the mean drag and lift force coefficients Cd and Cl are required to calculate the wind loads.  
They are defined as:  
Cd=FD/(0.5?V2A) (Eq. 1-1) 
Cl=FL/(0.5?V2A) (Eq. 1-2) 
where, 
FD, FL: drag or lift forces experienced by the cylinder 
?: air Density  
V: velocity of the approaching wind  
A: projected Area of the cylinder in the wind direction 
It has been proven that the drag coefficient varies with Reynolds number for single 
cylinder case by many previous researches.  The flow turbulence and cylinder surface 
roughness were found to have significant effects on the drag coefficients as well and their 
presence was believed to promote the flow regime to that of a higher Reynolds number.  A 
limited number of experiments were conducted to investigate the behavior of the force 
coefficients for multiple-cylinder case, especially for the two-cylinder case.  These 
experiments revealed that the adding of a second or third cylinder could dramatically change 
the flow characteristics compared to the single cylinder case.   
As a precursor to this study, multiple-cylinder (up to four cylinders) combinations 
were tested in the LSU Aerodynamic Wind Tunnel by Narasimhan (1999).  Mean drag and 
lift coefficients were obtained from his experiments.  However, all these tests were 
conducted with smooth cylinder in low-turbulence flow conditions (Iu=0.4~0.6%).  
Therefore, this data only provided some preliminary insights of the multiple-cylinder cases 
and was not directly applicable to the design of the pipe rack structures.   
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In this study, wind tunnel tests of multiple-cylinder combinations were proposed in 
both smooth flow conditions and turbulent flow conditions.  Different types of surface 
roughness were also adopted to simulate the different surface conditions of the real pipes 
used in industrial applications.  The Reynolds number range was estimated at 2×104 to 
9×104.  By all these efforts, the test conditions were brought closer to that of real 
applications, although Re is still below that would occur at design wind speeds.  These 
experiments do provide further insights of the flow around multiple cylinders and further 
guidance to the wind load design of pipe rack structures. 
1.2 Objectives and Goals of the Study 
The main goal of this study was to investigate the wind loads on pipe rack structures, 
by extending the research by Narasimhan (1999) to include effects of turbulent flow and 
varying surface roughness of the cylinders.  The goal was fulfilled by achieving the 
following objectives:  
1) A new wind tunnel test section was designed and built for this study in LSU Wind 
Tunnel Lab, capable of generating both smooth flow and turbulent flow.  A detailed flow 
survey was carried out to achieve the appropriate flow conditions. 
2) Cylinder models with different types of surface roughness representative of real 
applications were built for the experiments.  
3) Preliminary tests were conducted to validate the experimental system by 
comparing the data from the current study to the published data. 
4) Production tests were carried out with one-, two-, three- and four-cylinder 
combinations, with varying sizes, spacings, and surface roughness types of the cylinders.  
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5) Drag coefficients, lift coefficients were determined based on the experimental data.  
Variation of these parameters with flow turbulence and surface roughness at different 
spacings was studied.       
1.3 Scope and Limitations of the Study 
The experiments with single cylinder, and groups of two, three and four cylinders 
arranged in tandem were conducted using the specially designed test section in LSU Wind 
Tunnel Lab.  Due to the restriction of test facilities, the scope of the experiments was limited 
in a certain range. 
The test section was designed with a large cross-section of 243.8 cm × 63.5 cm, 
height by width, to allow use of models that approximated the size of the smaller range of 
pipes used in real applications, while limiting the blockage ratio less than 5%.  This allowed 
use of real surface roughness (i.e. types of insulation), which would have been difficult to 
model.  By this configuration, the maximum wind speed was sacrificed to relatively low 
level.  The highest Reynolds number tested was approximately 9 ×104, which was still much 
lower than that pipes would experience in a design wind event.  
A grid screen was used in this study to generate the turbulent flow condition.  A 
relatively uniform turbulence was achieved in the test section, and the highest turbulence 
intensity achieved was 5.6%, which is also lower than turbulence in the natural wind.   
Three sizes of cylinder models were used in the experiments and the largest diameter 
ratio is around 2.0 (largest vs. smallest).  Two types of surface roughness were simulated by 
using aluminum jacketing materials, in order to evaluate the effects of surface roughness 
compared to the smooth surface case. 
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The majority of multi-cylinder combinations were tested with in-tandem arrangement 
for the equal-diameter case or as top- leveled for the unequal-diameter case.  Arrangements at 
different wind-approaching angles were not in the main scope of this study.   
Mean drag and lift coefficients were the primary interests in this study.  Other 
perspectives of the flow were neither studied nor reported for the experiments.  
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CHAPTER 2.  LITERATURE REVIEW 
2.1 Introduction 
In the past decades, there have been a great number of studies concerning the flow 
around circular cylinders.  Depending on the researcher’s interests, these studies investigated 
various perspectives of the flow phenomenon, including the pressure distribution, force 
coefficients, vortex shedding, Strouhal numbers, flow patterns, etc.  Most of these 
investigations were conducted by means of wind tunnel experiments, and only a few were 
carried out with full-scale measurements.  These previous research works will be reviewed in 
this chapter.  Since the mean drag and lift coefficients are of the most interest in this study, 
the data regarding these parameters will constitute the majority of the review work as well.  
Besides these research works that will be mentioned, many other papers were also reviewed 
and these references are listed in Appendix A. 
2.2 Flow around a Single Cylinder  
The research about the flow around a single cylinder can be dated back to more than a 
century ago.  For a smooth cylinder immersed in a disturbance-free flow, the characteristics 
of the flow are determined by many factors.  The Reynolds number is usually singled out as 
the governing parameter, which is defined as: 
mr /Re Vd=  (Eq. 2-1) 
where, r , V  and m  are the density, approaching velocity and dynamic viscosity of the flow 
respectively and d is the diameter of the cylinder.  The Reynolds number essentially 
represents the ratio of inertial to viscous forces.  Fig. 2.1 shows the flow field around the 
single cylinder.  Depending on Re, progressive transitions from laminar to turbulent flow 
take place in the wake behind the cylinder, the shear layer, the boundary layer and then 
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become fully turbulent.  The drag and lift coefficients are closely related to these transitions.  
The function of Cd vs. Re has been well established through a great amount of research.  
Several flow regimes can be defined based on these variations of Cd.  It is also demonstrated 
that the variations of Cd vs. Re may have different behaviors with changes in free-stream 
turbulence and surface roughness.  These effects will be discussed in the following sections. 
  
Fig. 2.1 Flow Field around Circular Cylinder 
2.2.1 Flow Field and Transitions around Single Cylinder  
Smooth cylinders immersed in disturbance-free flow have been intensively studied 
for decades.  The variation of Cd vs. Re has been well defined over a range of Re extending 
to over 107.  Fig. 2.2 presents this relationship as complied by Zdravkovich (1997), where Cdf 
(drag caused by the viscous friction along the surface) and Cdp (drag caused by asymmetric 
pressure distribution on the upstream and downstream side of the cylinder) are also shown.  
The total drag force is the sum of these two components.  Roughly, classification of five flow 
transitions were suggested by Zdravkovich after he extensively reviewed the previous work 
and studied the flow characteristics at different Re, which are marked in Fig. 2.2 as “L”, 
“TrW”, “TrSL”, “TrBL” and “T” respectively.  “L” denotes a laminar flow at very low 
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Reynolds number of Re<200.  “TrW” denotes a flow transition in the wake behind the 
cylinder in 200<Re<400.  At Reynolds number of 350~2×105, transition in shear layer occurs 
and is denoted as “TrSL”.  In the range of 3×105<Re<6×106, a transition in boundary layer 
around the cylinder takes place, which is referred as “TrBL”.  At the even higher Reynolds 
number, the flow becomes fully turbulent, denoted by “T”.   
The last three regimes are of our greatest interests since most of the wind tunnel study 
and the real wind engineering applications fall in this range.  It can be observed that in the 
upper region of TrSL transition, Cd remains constant at Cd =1.2 when 104<Re<2×105.  This is 
usually mentioned as a subcritical regime.  Then in the critical regime, Cd first drops rapidly 
and reaches the minimum value of about 0.2~0.3, and then bounces back.  Beyond 
Re=3.5×106~6×106, Cd remains a relatively constant value of around 0.7~0.9 again, which is 
often called the supercritical regime. 
 
Fig 2.2 Variation of Cd and Flow Transitions for Single Cylinder Flow (reproduced from 
Zdravkovich, 1997) 
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2.2.2 Surface Roughness Effects 
Drag coefficients for a single cylinder with surface roughness have a different behavior 
from the smooth cylinder case.  A great variety of surface roughness has been tested by 
different scholars.  Walsh and Weinstein (1979) used longitudinally ribbed surface.  
Nakamura and Tomonari (1982) classified and tested two types of roughness: distributed 
roughness and smooth cylinder with roughness strips.  They also had compared the results 
from these rough cylinders with smooth cylinders.  Ribeiro (1991) investigated roughness 
generated by sand paper, wire mesh screen and ribs.  Since different roughness textures 
compose different roughness types, even the same physical scale may produce different 
roughness.  Some scholars suggested that the equivalent roughness parameter Ks/d should be 
adopted.  Fage & Warsap (1929), Achenbach (1971), and Guven (1980) reported drag 
coefficient data for rough cylinders and the change of critical Reynolds number, where the 
critical regime starts, with Ks/d.  Fig. 2.3 shows the variations of Cd vs. Re at different 
surface roughness levels based on Guven’s experiments, which was re-presented by 
Zdravkovich.   
 
Fig. 2.3 Effects of Surface Roughness on Drag Coefficient (reproduced from Zdravkovich, 
1997) 
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All these studies demonstrated the same trend: an increase in the surface roughness will 
modify the flow by increasing the minimum drag coefficient and shift the critical Reynolds 
number to lower values.  Moreover, it was observed that at Reynolds numbers lower than 
2~3×104, the surface roughness did not have a significant effects on the drag coefficient.  
However, in the supercritical regime, the drag coefficient became a function of surface 
roughness only and was independent of cylinder Reynolds number. 
2.2.3 Effects of Flow Turbulence  
The natural wind is usually turbulent in most practical applications.  A majority of the 
wind tunnel tests were conducted in low-turbulence flow.  Some experimental work in the 
turbulent flow revealed that strong influence of free stream turbulence existed on the flow 
around circular cylinders.  To evaluate the effects of turbulence, two parameters are usually 
adopted to characterize the turbulence: turbulence intensity Iu and turbulence length scale Ls 
(or alternatively time scale Ts).  The length scale is usually evaluated with a relative ratio to 
the cylinder diameter, Ls/d. 
Surry (1972) investigated the effects of high intensity free-stream turbulence on the 
cylinder flow.  Grids were used to produce homogeneous turbulence fields with longitudinal 
scales ranging from 0.36 to 4.40 cylinder diameters and with longitudinal intensities greater 
than 10%.  He found that the mean drag coefficients measured in the turbulent flow were 
consistent with an equivalent increase in Re compared to the smooth flow.  He also noted 
that both turbulence intensity and length scale contributed to this effect.  
Cheung & Melbourne (1983) conducted a wind tunnel test with different levels of 
turbulence intensity (from 0.4% to 9.1%) at critical and supercritical Reynolds number up to 
106.  Turbulence was generated by a vorticity generator installed in the return circuit or by a 
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big grid screen placed at different mesh- lengths upstream of the model.  In both cases, the 
turbulence generated had about the same longitudinal integral scale, Ls/d=1.8.  They 
investigated lift coefficients, the Strouhal number, drag coefficients and the pressure 
distribution around the cylinder, and compared these data to the full-scale measurements.  
Compared to the smooth flow case, an earlier transition to the supercritical regime was 
observed at the higher turbulence intensity in their study.  They also suggested that 
turbulence intensity of 4% and Re>2×105 should be achieved in the wind tunnel experiments 
to simulate the full-scale structures. 
Kwok (1986) reported experiments in smooth flow and in rod-generated turbulent flow.  
The longitudinal turbulence intensity in the turbulent flow was approximately 8.8% and 
longitudinal scale Ls/d=0.1.  By comparing the experiments in turbulent flow and in smooth 
flow, an earlier transition from laminar to turbulent boundary layer flow was observed for the 
turbulent flow case.  He also suggested that only the small-scale turbulence (Ls/d<1) was 
required to produce this effects of turbulence.  The large-scale turbulence (1d or more) was 
significant in inducing a dynamic loading. 
Zdravkovich (1997) reviewed the previous studies that had different turbulence 
intensities, blockage ratios and aspect ratios.  The complied data are reproduced and 
presented in Fig. 2.4.  From the figure, the progressively promoted transition to the critical 
regime at a higher turbulent flow can be easily observed.  
In conclusion, for a relatively smooth cylinder, for Re below the critical value, 
increasing turbulence intensity in the free-stream can cause critical flow regime to occur at 
lower Reynolds numbers when the turbulent length scale is smaller or in the same order of 
cylinder diameter; however, for Reynolds numbers above the critical value, the effect of 
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increasing free-stream  turbulence  on the flow mechanism becomes  less  significant  and  at  
very  high  Reynolds  numbers  turbulence  has  a very small or negligible influence on the 
variation of Cd with Re.   
 
Fig. 2.4 Drag and Strouhal Number as Affected by Iu, Blockage D/B and Aspect Ratio L/D 
(reproduced from Zdravkovich, 1997) 
2.3 Flow around Two Cylinders  
2.3.1 Two Equal-diameter Cylinders  
For the case of two equal-diameter cylinders, three categories of arrangements can be 
classified based on the angles of the center connection line of the cylinders relative to the 
wind direction as shown in Fig. 2.5:  in tandem (00), side by side (900), and staggered 
(between 00 and 900). 
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Fig. 2.5 Schematic Diagram of Two-cylinder Arrangements 
Zdravkovich (1977) reviewed more than 40 papers and presented a comprehensive 
assessment of the studies on flow around two equal-diameter cylinders at various 
arrangements.  For two cylinders arranged in tandem, the measurements of the front gap 
pressures of the downstream cylinder (pressures measured at the front position of the 
cylinder) and the base pressures (pressure measured at the back position) of both cylinders at 
various spacing revealed a discontinuous jump at some critical spacings.  The discontinuity 
was interpreted as the result of an abrupt change from one stable flow pattern to another at 
the critical spacing, that is, a bi-stable state.  A schematic diagram shown in Fig. 2.6 
demonstrates the change of flow field with the spacing for two tandem equal-diameter 
cylinders.  When the spacing between the two cylinders is larger than the critical spacing, the 
flow pattern is referred as co-shedding type, with both cylinders shedding vortices.  When the 
two cylinders move closer, the shear layers that separated from the upstream cylinder just 
reattach onto the downstream cylinder at the critical spacing.  Then the flow will suddenly 
change from co-shedding type to the reattached type.  
For side by side arrangements, a discontinuous change of drag and lift force with 
varying of spacing between cylinders was also observed.  The bi-stable values of the drag 
forces coupled with two alternative values of the lift force was observed.  
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Fig. 2.6 Flow around Tandem Pairs (reproduced from ESDU, 1984)  
For two staggered cylinders, lift force seemed to be more sensitive to the arrangement 
in this case.  Two different regimes for the lift force were characterized based on the 
measurements of drag and lift forces for various arrangements.  In one regime, the lift force 
was observed to reach a maximum value when downstream cylinder is near to the upstream 
wake boundary.  In the second regime, at a very small spacing, the lift force became very 
large.  This may be induced by an intense gap flow that displaces the wake of the upstream 
cylinder.  The maximum lift force occurred with the downstream cylinder near to the 
horizontal axis of the upstream cylinder.  A discontinuity in the lift force for some staggered 
arrangements was also found due to bi-stable nature of gap flow. 
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Most works reviewed by Zdravkovich were conducted in the subcritical regime and low 
turbulence flow.  In Fig. 2.7, the drag coefficients for both cylinders at Re=3.6×104 reported 
by Igarashi (1981) is presented, in which the characteristics of critical spacing in the 
subcritical regime can be easily observed.  ESDU Data Item 84015 (1984) summarized all 
the available data and presented a clear description about two equal-diameter cylinders, with 
various arrangements.  However, a very limited number of data in the supercritical regime 
were included in the data item and some conclusions were just based on the derivation 
instead of the actual experimental data.  Other investigators performed some experiments on 
two-cylinder case in supercritical regime, and in very few cases, with the presence of 
turbulence. 
  
Fig. 2.7 Drag Coefficients for Two-cylinder Arranged in Tandem at Re=3.6×104 (reproduced 
from Igarashi, 1981) 
Gu, et al. (1993) investigated time-mean pressure distribution on two cylinders in 
various arrangement in high turbulence flow (Iu=10%) at a supercritical Reynolds number 
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(Re=6.5×105).  Demonstrated by their experiments, they pointed out that the interference 
effects were weaker at supercritical Reynolds number than those at subcritical Re.  In their 
literature review, they mentioned that the same conclusion was obtained by Sun, et al and 
Zhang & Melbourne.  From the plots of Cd vs. L/d (Fig. 2.8), it can be observed that the drag 
coefficient for both cylinders at in-tandem arrangements approached to the same value at the 
spacing of L/d=3.0 and to the single cylinder value of 0.47 at L/d=4.0.  No sharp change was 
found on drag curves vs. L/d in their experiments.  
 
Fig. 2.8 Drag Coefficients for Two-cylinder Arranged in Tandem at Re=6.5×105 and Iu=10% 
(reproduced from Gu, et al, 1993) 
In another paper, Gu (1996) reported an experimental study on two identical cylinders 
at various arrangements with different spacing configurations in smooth uniform flow at a 
supercritical Reynolds number of 4.5×105.  The blockage ratio was around 8% for the tested 
cylinders.  More attention was paid to the classification of flow regimes by measuring the 
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pressure distribution around the cylinders in this study.  They found that the characteristics of 
interference between two circular cylinders at supercritical Re are completely different with 
those at subcritical Reynolds number.  The significant effect of interference between two 
circular cylinders at supercritical Reynolds number was restricted to be within a rather small 
spacing ratio (L/d=1.7).  Beyond this spacing, for the in- tandem arrangement, the drag 
coefficient of the upstream cylinder was found to be lower than that of the downstream 
cylinder at this supercritical Reynolds number. 
2.3.2 Two Unequal-diameter Cylinders  
Compared to the equal-diameter case, significantly fewer studies have been reported for 
unequal diameter arrangements.  Baxendale & Barnes (1985) conducted an investigation of 
the two unequal-diameter cylinders, in which the diameter of the downstream cylinder was 
two times that of upstream cylinder.  The tested Reynolds number was 1.45×104 and the 
turbulence intensity was less than 1%.  They studied various arrangements with different 
stagger angles between 0o and 45o.  For the in-tandem case, a step change of drag coefficient 
for the downstream cylinder was observed, which showed a similar behavior to the equal-
diameter case.  Luo and Gan (1992) presented their experimental work of two tandem 
cylinders with diameter ratio of 0.33 (upstream cylinder to downstream cylinder).  The tested 
Reynolds number range was 3.15×104~8.81×104 based on the larger diameter.  A critical 
spacing of 1.8d~2.2d was observed as well, where the diameter referred to the downstream 
diameter. 
2.4 Experiments of Three or More Cylinders  
Very few experimental works on three or more cylinders were reported.  Dalton and 
Szabo (1977) conducted an experimental investigation on groups of two and three cylinders.  
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Several stagger angles from 0o and 90o were tested.  They found that the middle and 
downstream cylinder drag values were affected by the stagger angle noticeably more than the 
upstream cylinder for three-cylinder case, and these drag values strongly relied on the 
spacing especially when the spacing ratio is less than 4.0.  The Re for their experiments 
ranged from 2.8×104 to 7.8×104.  Their experiment results will be used for validating the 
experimental data from the current study in Chapter 6. 
Sayers (1987) performed experiments on three-cylinder case with the three equal-
diameter cylinders arranged as an equilateral triangle, and the spacing range in 1.25<S/d<5.0.  
Test were conducted at Re =3×104 with a turbulence intensity of 0.4%.  It was found that for 
the tested three-cylinder cluster, either the total force coefficient or the force coefficients 
acting on any one of the cylinders were strong functions of spacing and orientation angle.  
2.5 Experiments of Multiple Cylinders Arranged in Tandem Conducted by Narasimhan  
In the precedence study, wind tunnel experiment was conducted in the LSU 
Aerodynamic Wind Tunnel on a series of cylinder combinations of up to four cylinders by 
Narasimhan (1999).  Multiple cylinders arranged in tandem were studied for both equal-
diameter and unequal-diameter combinations.  The tested Reynolds number range was 
1.1×104~9.0×104.  Smooth pipe models and low turbulence flow condition (Iu˜0.4~0.6%) 
were used in his study.  Narasimhan found that the combined drag coefficient (based on the 
total force and the projected area) was much less than the basic sum of individual cylinders 
for all the cases, especially in the close spacing range.  For the two cylinder case, the effects 
of the upstream cylinder to the downstream cylinder could still be detected even at the large 
spacing of L/d=20.  The combined drag coefficient values were suggested based on the 
spacing configurations for two, three and four-cylinder combinations.  His study provided a 
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preliminary insight to the wind loads on multiple cylinders arranged in tandem, although 
these conclusions are not directly applicable for the design because of the low Re range and 
smooth flow condition for the test.   
2.6 Design Code of ASCE7-02 for Pipe Rack Structures 
The only section in the latest edition of the U.S. national wind loading standard, ASCE 
7-02 (ASCE, 2002), that is remotely applicable to the calculations of wind loads on pipe rack 
structures is presented in Table 2.1.  However, this table is for cylindrical structures rising 
from the ground, such as tanks and chimneys, not cylinders running parallel to the ground 
surface as occurs with pipes or a pipe rack.  
 
 
 
 
Table 2.1 Table of Force Coefficients for Chimneys, Tanks & Similar Structures 
h/D 
Cross Section Type of Surface 
1 7 25 
Moderately smooth 0.5 0.6 0.7 
Rough (D'/D=0.02) 0.7 0.8 0.9 Round ( 3.5>zqD ) 
Very rough (D'/D=0.08) 0.8 1.0 1.2 
Round ( 3.5£zqD ) All 0.7 0.8 1.2 
Notes: 
1. The design wind force shall be calculated based on the area of the structure 
projected on a plane normal to the wind direction.  The force shall be 
assumed to act parallel to the wind direction 
2. Notation: 
D: diameter of circular cross-section and least horizontal dimensions (in 
meters) 
D': depth of protruding elements such as ribs and spoilers (in meters); and  
h: height of structure (in meters) 
qz: velocity pressure evaluated at height Z above ground, in N/m2 
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From the table, it can be noticed that the force coefficients were specified based on 
three classifications:  (a) zqD , (b) types of surface, and (c) h/D.  The product of diameter 
and square root of velocity pressure, zqD , essentially measures the Reynolds number, 
which can be demonstrated in the following equations: 
Re)5.0()5.0(5.0 2 ××=== urrr DVVDqD z  (Eq. 2-2) 
where, ? is the kinematic viscosity of air.  
The parameter value of 3.5=zqD  in the table is equivalent to Re of 2.7×10
5.  In the 
case of 3.5>zqD , types of surface roughness were sub-classified and the force coefficient 
was considered independent on types of surface roughness when 3.5£zqD .  Another 
classification essentially accounted the end effects of the finite height pipes.  The case of 
h/D>25 is assumed to be similar to the two-dimensional case with a negligible end effect.  
From the above discussion, it can be noticed that this specification was completely derived 
from the single cylinder case (see Fig. 2.3).  There are no further specifications particular for 
pipe-rack structures, nor is the spacing configuration considered as a parameter for multiple 
pipes (or other structures with circular cross section) case.  In the current practice of wind 
load design, the multi-cylinder case may be treated as the sum of independent cylinders, or 
often only the largest cylinder in the group was considered, depending on the judgment of the 
engineer.  This is also the reason for the large variation in the estimation of wind loads on 
pipe racks. 
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CHAPTER 3.  EXPERIMENTAL FACILITIES AND INSTRUMENTS 
3.1 Wind Tunnel 
The experimental research was conducted in a suck-down wind tunnel with several 
alternative test sections at Louisiana State University Wind Tunnel Lab.  A test section was 
designed and built specifically for this experimental study, called the 2-D Flow Test Section).  
Fig. 3.1 shows the layout of wind tunnel with this test section.  The wind tunnel is an open 
circuit type, with the fan on upper level.  The test section on the lower lever is attached 
through a transition and elbow section.  The maximum wind velocity is approximately 11 
m/s for smooth flow condition and 10 m/s for turbulent flow condition. 
  
Fig. 3.1  Isometric View of Wind Tunnel in 2-D Flow Test Section Configuration 
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Fig. 3.2 Side View of Wind Tunnel in 2-D Flow Test Section Configuration 
To smooth out mean flow variations, a contraction with honeycomb section and fine 
mesh screen are used in front of the test section.  At the very front, semi-circular pipe are 
attached to the edge of inlet, to minimize the turbulence induced by the sharp edge of entry.  
The honeycomb section is 19 cm thick, with hexagonal cell size of 1.9 cm, working as the 
flow straightener.  One sheet of fine mesh screen is installed right behind the honeycomb 
section, with rectangular mesh openings and 17×14 meshes per square inch.  This sheet of 
mesh screen proved to be essential for generating uniform low-turbulence flow.  A 
contraction with reduction ratio of approximately 4:1 horizontally was constructed for this 
test section.  No contraction was provided in the vertical dimension due to space limitations.  
Following the contraction is the grid section, which is designed for the purpose of 
turbulent flow generation.  This section spans 61.0 cm in wind direction.  A slot that can fit a 
grid screen is located in the middle of this section.  A grid screen can be slid into position in 
case turbulent flow is needed.  It can also be easily taken out when smooth flow is desired. 
The inside of the test section measures 63.5 cm wide by 243.8 cm tall, and spans 
243.8cm in the wind direction.  The entire test section is prismatic, i.e. constant cross section.  
The decision to use these test section dimensions was based on the following concerns: a) 
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keeping the same width as the aforementioned Aerodynamic Wind Tunnel, where previous 
tests were conducted (Narasimhan, 1999), so that some tests may be repeated with the same 
pipe models; and b) to reduce the blockage ratio by using the tallest practical section, so that 
real pipes and insulations could be used, thus providing samples with appropriated surface 
roughness.  
The test section consisted of two panels in the wind direction, with length of 109.2 
cm upstream and 134.6 cm downstream respectively.  Testing windows with load cells and 
mounting kits and were installed at the mid-height of downstream panel while the pitot-tube 
was installed in the upstream panel, to monitor the reference velocity during the tests.  A 
picture of test section can be found in Fig.3.3. 
 
 
Fig. 3.3  Test Section 
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Access to the test section was available through a small door opened on the side of 
transition section.  This allowed installations and inspections from inside of wind tunnel if 
necessary.  Fig.3.4 shows a picture of test setup from inside view, with three pipes installed 
and grid screen in position. 
 
Fig. 3.4  Test Setup in Wind Tunnel 
3.2 Pipe Models 
In addition to steel pipe models from previous tests by Narasimhan, two types of 
larger size pipe models were manufactured, PVC pipe models and aluminum insulation 
wrapped pipe models.  Figure 3.5 shows the basic configuration of these pipe models.  The 
PVC pipe or wrapped aluminum insulation sheet forms the envelope of model, with various 
diameters and surface roughness.  A 0.938 cm steel rod was installed as the axis of the model 
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and extends out to be attached to the load cells.  By using this configuration, the weight of 
pipe models is kept down and within the capacity of load cells.  
 
Fig. 3.5  Pipe Models  
Two sizes of PVC pipe were used for production test runs, with diameters of 6 cm 
and 8.89 cm respectively.  Both can be considered as having s smooth surface.  To 
investigate the effects of surface roughness on cylinder force coefficients, aluminum 
wrapping with different surface characteristics was used.  The aluminum wrapping was 
obtained directly from pipe insulation vendors and it is popularly used for many industrial 
applications.  Details of the surface roughness characterization will be illustrated in Chapter 
5.  The dimensions of all the tested pipe models and the corresponding blockage ratios can be 
found in Appendix B. 
3.3 Force Measurements 
The force measuring system designed and used by Narasimhan (1999) was used in 
this study, with some minor changes to fit it onto the new test windows.  This system has 
been explained well in Narasimhan’s thesis.  A brief description will be given here.   
The concept of the force measurement setup is shown in Fig. 3.6.  Four load cells 
were attached to both ends of the rod that extended from the pipe model, two horizontally 
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and two vertically.  Great care was taken to set up the linkage between load cells and rod, to 
assure the load experienced by the pipe model can be transferred to the load cells with the 
minimum effects of other factors, such as friction, small orientation error etc.  A schematic 
diagram of this setup can be found in Fig. 3.7.   
 
Fig.3.6  Concept of Force Measurement 
 With the pipe model connected to load cells, these load cells are then mounted to a 
bracket on each side of the tunnel (on outside wall).  These links, load cells and brackets thus 
form a force measurement unit for each individual pipe model.  Wind load on pipe models 
can then be measured through these units by sampling the output of these load cells.  
 
Fig. 3.7  Schematic Sketch of Load Cell Setup 
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3.4 Flow Measurements 
Two approaches were adopted for flow measurements: thermal anemometry and pitot 
tube/pressure transducer.  Extensive flow condition surveys were carried out with the thermal 
anemometer, while the pitot tube/pressure transducer system was used to measure the 
reference velocities for cylinder tests.  
The thermal anemometer used in this experimental study was a constant-temperature 
anemometer IFA300 system manufactured by TSI Incorporated, also known as a hotwire 
system.  A schematic diagram of the system is shown in Fig. 3.8.  The system is essentially a 
bridge and amplifier circuit that controls a tiny wire or film sensor at constant temperature.  
As a fluid flow passes over the heated sensor, the amplifier senses the bridge off-balance and 
adjusts the voltage on top of the bridge, which can then be related to the velocity of the flow.  
The system is also designed with built- in signal conditioning and thermocouple circuits, 
which allow proper sampling conditions temperature corrections.  As part of the package, 
IFA-300 Software offers convenient functions of calibration, data acquisition and post-
analysis.  
 
Fig. 3.8  Thermal Anemometer System 
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By using the thermal anemometer system, highly accurate and detailed time records of 
wind flow can be achieved.  Spectrum analysis and statistical analysis were performed based 
on these data to characterize the flow. 
3.5 Data Acquisition System and Software  
 The data acquisition system and software were the same as used in the previous 
study.  The following descrip tion is quoted from the thesis by Narasimhan (1999). 
The main data acquisition board is a PCI-DAS 1602/16 board supplied by 
Measurement Computing Corp. (formerly Computer Boards Inc).  This board 
is a multifunction measurement and control board capable of 16 channels of 
simultaneous measurements.  This board provides self-calibration of the 
analog source and measure systems, thereby eliminating the need for external 
equipment and user adjustments.  All adjustments are made via a 8-bit 
calibration DACs or digital potentiometers referenced to an on-board factory 
calibrated standard.  The PCI-DAS1602/16 is fully calibrated with cal 
coefficients stored in nvRAM.  At run time, these calibration factors are 
loaded into system memory and are automatically retrieved each time a 
different DAC/ADC range is specified. 
The other important feature of the data acquisition system is the signal 
amplification.  The signals from the load cells are in the order of 0-5 mV and 
hence considerable conditioning is required to isolate these signals and 
amplify them.  This is achieved with the aid of the ISO-RACK16 Board fitted 
with 16 independent signal conditioning modules with an output range of 
+/5V.  An amplification factor of 500 is achieved with these modules.  These 
modules also provide 10 KHz low-pass filtering.  
The software used was DASWIZARD 2.0 published by Computer 
Boards.  This software is a versatile, user-friendly software which has a direct 
interface with Microsoft Excel 97.  All the data is directly imported into an 
Excel spreadsheet thereby making the process of data acquisition fully 
automated. 
3.6 Coordinate System and Sign Conventions  
The coordinate system used throughout the experiments is shown in Fig 3.9.  All of 
the position information in the thesis will be based on this coordinate system if not specified 
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otherwise; directions and signs of X, Y, Z are defined in Table.3.1.  The sign convention of 
drag and lift force are as follows: positive drag is in the downstream direction; and positive 
lift is in the downward direction 
 Table 3.1  Coordinate System 
Axis Direction and Signs Zero position 
X Wind direction, positive toward Downstream 
Beginning of 
Test Section 
Y 
Horizontal,  positive toward left when facing 
downstream 
Center of cross 
section 
Z Vertical, positive toward upward 
Center of 
Cross Section 
 
 
Fig. 3.9  Coordinate System 
y 
z 
x 
Contraction 
Grid Section 
Test Section 
Transition 
Wind  
Direction X=-304.8 
cm 
X= -61.0 cm 
X=243.8 cm 
X=0 
X=609.6 
cm 
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CHAPTER 4.  FLOW CONDITIONING AND CHARACTERIZATION 
4.1 Flow Conditioning 
4.1.1 Introduction 
Tremendous efforts have been made to achieve appropriate flow conditions for the 
proposed experiment.  The main objective of these efforts was to design and build a test 
section capable of generating uniform low turbulence flow, as well as flow with moderate 
turbulence.  A trial-and-error method was used for this design and construction procedure.  
Starting from the bare test section, conditioning components were added step by step, and 
flow conditions were then surveyed for each step.  Gradual improvement of flow quality was 
achieved during this laborious procedure.  These improvements can be marked with three 
progressive phases.  The conditions of these phases are specified in Table 4.1.  A pitot-tube 
coupled with pressure transducer was used to measure the mean velocity during PHASE-A, 
and extensive thermal anemometer system measurements were conducted during PHASE-B 
and PHASE-C.  PHASE-C corresponds to the final setup of test section, which is also the 
condition for all of the production tests.  During each phase of construction, grid screens with 
different configurations were also tested and optimized, in order to generate the turbulent 
flow condition. 
 
Table 4.1  Test Section Trial Phases. 
 CONDITIONS 
PHASE-A Test section only 
PHASE-B Added contraction and honeycomb section to inlet of test section 
PHASE-C  Added fine mesh screen between the honeycomb & contraction sections 
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4.1.2 Smooth Flow Conditioning 
To evaluate the flow quality, horizontal profiles of flow velocity across the width of 
the test section were measured during each phase of construction.  The following figures 
show the horizontal profiles corresponding to these phases.  All of these profiles were taken 
at the mid-height of test section, where all of the cylinders were to be tested as well. 
Fig. 4.1 shows the horizontal mean velocity profile across test section from PHASE-
A.  This phase corresponds to the test section without any conditioning measures.  The 
profile was nonuniform and needed further adjustment to improve the flow quality.  The 
sidewalls of the test section are at y = ±31.8 cm. 
Velocity Profile at X=176 cm, Z=0, PHASE-A
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Fig. 4.1  Horizontal Mean Velocity Profile at X=176 cm, Z=0, for PHASE-A  
Horizontal profiles of mean velocity and turbulence intensity from PHASE-B are 
presented in Fig. 4.2.  The profile of mean velocity shows a significant improvement 
compared to PHASE-A.  This demonstrates the essential roles of the contraction and 
honeycomb section for flow conditioning.  Although the mean velocity profile was greatly 
improved in this stage, the turbulence intensity was still relatively high, and was not uniform. 
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Velocity Profile at X=137.2 cm, Z=0, PHASE-B
-32
-24
-16
-8
0
8
16
24
32
0 2 4 6 8 10 12 14
U (m/s) or Iu (%)
Y
 (
cm
)
U (m/s)
Iu (%)
 
Fig. 4.2  Horizontal Profile at X=137.2cm, Z=0cm, for PHASE-B 
Fig. 4.3 presents the profiles for PHASE-C.  In this phase, a fine mesh screen has 
been added.  In this configuration, the turbulence intensity has been reduced to a nearly 
uniform value of 0.3~0.4% across the central 2/3 of the tunnel.  The turbulence intensity 
predictably increases near the boundary layers along the side walls. 
Velocity Profile at X=137.2 cm, Z=0, PHASE-C
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Fig. 4.3  Horizontal Mean Velocity Profile at X=137.2 cm, Z=0 cm, PHASE-C 
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The improvement from PHASE-B to PHASE-C is further illustrated by the typical 
velocity time histories shown in Fig. 4.4.  Both measurements came from the hotwire 
anemometer, set up at the same position and sampled at 10 KHz for approximately 13.1 
seconds each.  The comparison exhibits that the intermittent bursts in the velocity time 
history from PHASE-B have been filtered out dramatically.  This not only significantly 
reduced the turbulence intensity (from 2.12% to 0.38% for this case), but also eliminated the 
unexpected low frequency bursts in the flow, which was resulted from the aerodynamic 
characteristics of the room.  The introduction of the screen reduced the maximum velocity 
possible in the test section by approximately 0.3 m/s.  
 
Fig. 4.4  Comparison of Velocity Time History between PHASE-B and PHASE-C 
Configurations 
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4.1.3 Conditioning of Turbulent Flow 
A survey of the literature revealed that grid screens with rectangular meshes were the 
most commonly used method to generate uniform turbulence flow in wind tunnels.  
However, the setup of the grid screen and grid mesh configurations vary with different 
applications.  In this study, a single plane grid screen was designed and installed between the 
contraction and test section.  A grid section was customized with a slot position in the middle 
to accommodate the grid screen (see Fig. 3.3).  The grid screen can be slid into position when 
turbulent flow is needed. 
To specify the grid screen, one of the commonly used parameters is solidity ratio, 
which is defined as the projected solid area per unit area for the grids plane.  Regarding the 
distribution of grid mesh, Fig. 4.5 shows a typical sketch, where hM  and vM  refer to the 
horizontal and vertical spacing of the solid bars respectively, and b refers to the width of 
solid bars. 
  
Fig. 4.5  Sketch of Typical Grid Mesh  
To find the appropriate grid configuration, eight different grid screens were tested. 
These grid screens can be classified into three categories: plastic grid screen, wood screen 
and wood-aluminum hybrid screen.  The specification of these grid screens can be found in 
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Table 4.2.  For each configuration, velocity profiles were measured while the grid screen was 
installed in position.  Then the grid was adjusted based on the shape of the profiles.  
Modification from screen #5 to #7 is a good example for this optimizing procedure.  For 
screen #5, all the horizontal and vertical bars were evenly distributed.  The horizontal profile 
produced from this configuration exhibited a trend of lower velocity in the middle area.  To 
correct this trend, the spacing of the vertical bars was adjusted to the configuration of screen 
#7 (see Fig. 4.6).  The comparison of the velocity profiles from these two configurations can 
be found in Fig. 4.7. 
 
 
Table 4.2 Grid Screen Specifications 
 Description Solidity Ratio 
#1 Plastic grid screen, with hM  = vM =7cm, b =3.38cm 0.58 
#2 
Horizontal and vertical square wood bars 
hM  = vM =6.35cm, b =1.8cm 
0.39 
#3 
Horizontal square wood bars only,  
vM =5.1cm, b =1.9cm 
0.27 
#4 
Horizontal square wood bars only,  
vM =7.6cm, b =1.9cm 
0.2 
#5 
Horizontal square wood bars 
 vertical aluminum plate bars 
hM =9.9cm, vM =7.6cm, b =1.9cm 
0.32 
#6 
Similar to Grid#7, except 
hM =10.2, 11.4, 12.7, 11.4, 10.2cm, from left to right  
0.32 
#7 See Fig. 4.6, vM =7.9cm, b =1.9cm 0.32 
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Screen #7 is the final configuration for this optimization procedure.  Its specifications 
can be found in Fig. 4.6.  The grid frame was dimensioned such that when installed in the 
grid slot, the inside edges of outer frame were flush with the inside surfaces of the test 
section.  The entire flow characterization results and production test results for the grid flow 
cases are based on screen #7.  
 
 
 
Fig. 4.6 Grid Screen #7 
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Comparison of Grid Screen #5 & #7
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Fig 4.7  Comparison of Mean Velocity Profiles from Screen #5 and #7, X=137cm, Z=0  
4.2 Flow Characterization 
4.2.1 Definitions  
Three important parameters are commonly used to characterize the flow conditions, 
mean velocityU , turbulence intensity uI  and integral time or length scale of turbulence,  
sT or sL .  Their definitions are discussed in this section. 
At a certain measurement position, the instantaneous wind velocity )(tu  is a function 
of time.  It can then be expressed as a sum of two components, the mean velocity U  and the 
fluctuating component )(tu¢ : 
)()( tuUtu ¢+=  (Eq. 4-1) 
Fig. 4.8 illustrates a schematic diagram of a velocity time history.  The mean wind 
speed u  is defined as the average of )(tu  over a relatively long time period 0T . 
ò=
0
00
)(
1 T
dttu
T
U  (Eq. 4-2) 
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Fig. 4.8  Schematic Diagram of Wind Velocity Time History 
The turbulence intensity uI  is defined as the ratio of standard deviation to the mean 
velocity.  That is: 
UI uu /s=  (Eq. 4-3) 
Where,  
òò ¢=-=
00
0
2
00
2
0
2 1])([
1 TT
u dtuT
dtUtu
T
s  (Eq. 4-4) 
Integral time scale sT  is a characteristic time scale for the dynamics of measured 
quantities in a turbulent flow.  It is often estimated in terms of an auto-covariance 
function )(tru  , which is defined as: 
ò -+-= ¥®
T
Tu
dtUtuUtu
T
Lim
0
])(][)([
1
)( ttr  (Eq. 4-5) 
Divided by standard variance, normalized auto-correlation can be obtained as: 
)0(/)(/)()( 2 rtrstrt == uuR  (Eq. 4-6) 
The area under the normalized autocorrelation function )(tR is the measure of the integral 
time scale sT . 
 40 
ò¥®=
T
Ts
dRLimT
0
)( tt  (Eq. 4-7) 
Assuming that eddies are being carried unchanged past the measurement point at the mean 
velocity U (Taylor’s Hypothesis), the integral length scale sL can be calculated as: 
UTL ss ×=  (Eq. 4-8) 
4.2.2 Computational Procedures 
The mean velocity and turbulence intensity were obtained using the built- in software 
of thermal anemometer system, while the calculations of integral time scale were much more 
involved.  They are accomplished using DADiSP 2000 (Data Analysis and Display) 
software, developed by DSP Development Corporation.  Fig. 4.9 illustrates the procedure of 
this calculation from DADiSP.  This program has a graphical interface with multiple 
windows and each window is customized with a function by the user.  
For this procedure, the velocity time record u(t) is first imported into window W1, 
and then the fluctuating component of velocity u'(t) was calculated in W2.  Since the original 
time history had too many data points for the program to conveniently handle, it needed to be 
truncated down to the appropriate size.  This was executed in W3, creating a segment of 0.5 
second duration.  The autocorrelation function of data in W3 was calculated in W4.  It was 
then normalized in W5 to the standard variance (i.e. the autocorrelation value at time lag of 
zero).  The autocorrelation function in W5 was integrated with respect to time lag t and 
displayed in W6.  The first peak in W6 occurs at the time lag where the autocorrelation first 
crosses zero, which was used as the termination criteria.  
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Fig. 4.9  Calculation of Integral Time Scale 
4.3 Summary of Flow Conditions  
An extensive survey of flow conditions inside the test section has been carried out 
with the thermal anemometer system.  Horizontal profiles as well vertical profiles were 
measured and are presented in Figs. 4.10~4.12.  These profiles cover a cubic area of X from 
79 cm to 203 cm, Y from -30.5 cm to 30.5 cm and Z from -15.2 cm to 15.2 cm, where most 
of the tests will be conducted.  All of the horizontal and vertical profiles are based on the data 
obtained using the hot-wire anemometry, with sampling rate of 5 KHz, and duration of 13.1 
second (64K data points).  A 2 KHz low pass filter was used as the sampling conditioning.  
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For each position, two repetitions were taken and the average of the two repetitions is 
reported. 
Fig. 4.10 presents horizontal profiles of mean velocity and turbulence intensity with 
the fan at full power for the smooth flow case, for four positions from upstream to 
downstream.  Fig. 4.11 presents the same profiles for the high-turbulence flow case (i.e. with 
grid screen installed).  To survey the uniformity in vertical direction, vertical profiles were 
measured as well.  These profiles were measured at several locations along the centerline 
(Y=0) of the test section.  The results can be found Fig. 4.12.  
From the velocity profile figures, it can be observed that the boundary layer is slightly 
thicker near the Y= - 31.8 cm wall than Y= + 31.8 cm wall.  This trend was verified by 
repeating the measurements started from either direction.  It was concluded that the trend was 
not caused by the measurement error.  Instead, the asymmetric configuration of the room 
where the wind tunnel is located is the possible reason.  The velocity profiles also show that 
the mean velocity U and Iu are very consistent across the test section outside the boundary 
layer for smooth flow, but there are slightly more variations for U and Iu in grid flow. 
The integral time scale of turbulence was calculated as illustrated in Sec. 4.2.2.  Only 
the grid flow case was evaluated here.  Since these characteristics may vary with positions 
and mean velocities, cases from three different velocities and four different positions were 
evaluated.  For each individual case, a time record data of 128K points at the rate of 10 KHz 
was used.  By trial calculation, the magnitude of characteristic time scale was estimated to be 
within 0.002 to 0.03 seconds.  The original time record, which contains data of a 13.1 
seconds time duration, has too many data points and may bring some misleading information 
as well as computational difficulties if used.  Hence, segments truncated from the original  
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Fig. 4.10  Horizontal Velocity Profiles inside Test Section, without Grid Screen at Full Speed 
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 Fig.4.11  Horizontal Velocity Profile inside Test Section, with Grid Screen at Full Speed 
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Fig. 4.12  Vertical Velocity Profiles Inside Test Section, with and without Grid at Full Speed  
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time record were used as the input of calculation.  For each case, six segments were selected 
and each segment contains 4096 data points, which corresponds to 0.4 second.  Table 4.3 
presents the results from these segments for each case.  Then an average of these six samples 
was taken to represent the estimate for the case.  The integral time scale and length scale for 
these cases are summarized in Table 4.3 as well.  It can be noticed that the integral length 
scales for different velocities and positions are all in the range of 6.1~8.2 cm.  This length 
scale is on the order of the cylinder diameters tested, which range from 6.0 cm to 12.2 cm. 
 
Table 4.3  Integral Time Scale Calculation of Samples 
Velocity Position(1) Segment Integral Time Scale (10-4 s) 
Average 
Integral Scale 
Setting 
U 
(m/s) 
X 
(cm) 
Y 
(cm) 
#1 #2 #3 #4 #5 #6 
Ts 
( 10-4 s) 
Ls 
(cm) 
U1 10.9 137 0 60 52 55 60 58 70 59 6.5 
U2 9.3 137 0 75 140 82 80 50 80 85 7.8 
U3 7.3 137 0 150 80 75 140 65 140 108 7.9 
U1 11.1 137 -10 30 70 75 40 60 100 63 6.9 
U1 11.0 137 10 30 80 68 54 45 58 56 6.1 
U1 11.1 191 0 75 68 40 67 90 100 73 8.2 
Note: (1) All the positions were in the plane of Z=0, i.e., the mid-height plan of the test 
section. 
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CHAPTER 5.  SURFACE ROUGHNESS EVALUATION 
5.1 Introduction 
As mentioned in Chapter 2, surface roughness is an important factor affecting the 
flow around cylinders, and consequently the wind forces on pipe racks.  Therefore, 
characterization of surface roughness is essential before we can evaluate its effects. 
To some extent, any surface exhibits roughness to a certain scale.  The natural 
surfaces are composed of visible textures and particles.  The distribution of these roughness 
particles and textures with different size and density can create infinite types of roughness.  It 
becomes a complex problem to adopt a universal standard or parameter for the surface 
roughness evaluation since surface roughness characteristics can vary greatly.  To specify the 
surface roughness, two categories descriptions are generally needed, qualitative and 
quantitative.  
Depending on the research needs and available instruments, different measurement 
methods can be used to evaluate the surface roughness.  Mechanical measurement is the most 
direct method, which is the most popularly used method as well.  A surface profile along a 
line can be obtained by using stylus type devices, which can then be used to calculate the 
roughness parameters.  Image analysis is becoming increasingly popular as a quick and cheap 
method.  Some other techniques have been developed as well to characterize surface textures, 
such as the ultrasound techniques and the electronic speckle correlation method.  These high-
end techniques are much more sophisticated and will be necessary for some special needs. 
5.2 Surface Roughness Characterization Parameters  
To describe the characterizations of surface roughness, center-line-average height Ka, 
root mean square value Krms, and peak-to-valley height Kp are among these commonly used 
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parameters.  All of these parameters are based on a 2-D profile of surface roughness.  Fig. 5.1 
shows a schematic diagram of an example surface profile. 
 
Fig. 5.1  Schematic Sketch of Surface Profile 
Ka and Krms are defined as: 
ò×=
L
a dxxkLK
0
)()/1(  (Eq. 5-1) 
ò -×=
L
meanrms dxkxkLK
0
2))(()/1(  (Eq. 5-2) 
Kp is defined as the peak-to-valley value, calculated by subtracting minimum value from the 
maximum value of k(x).  This is also the most commonly used parameter since it is easier to 
evaluate.  
Of course, the parameters discussed above ignore any spatial correlation for the 
surface profile.  This is not sufficient to provide complete information of the surface 
roughness characterization.  At the next level, the autocorrelation function or power spectral 
density function can be used. 
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5.3 Surface Materials 
As mentioned in Chapter 3, the jacketing materials used to make pipe models can be 
classified as two categories: PVC jacket and aluminum jacket.  All of the PVC pipes are very 
smooth.  Three different aluminum jacketing surfaces were used in this experiment: smooth, 
corrugated roughness, and irregular dimple roughness, which were representatives of real 
pipe surfaces.  Fig. 5.2 shows these three different surface jacketing materials.  
Corresponding to the pipe models that they are used to make, the surface roughness are 
numbered as: H1 roughness (smooth), H2 roughness (corrugated) and H3 roughness (irregular 
dimple).  
 
 
Fig. 5.2  Aluminum Jacketing Materials 
The aluminum roll jacketing materials were obtained directly from industrial 
insulation vendors.  They were manufactured from aluminum alloys by Childers Products 
Company, Inc., conforming to ASTM B-209 designation.  This jacketing is recommended for 
insulated piping, tanks, and vessels for weatherproofing.  In most cases, they are exposed to 
the wind directly and, hence, are good representatives of real pipe surface conditions.  
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5.4 Surface Roughness Measurements 
The method used for surface roughness characterization in this study is image 
analysis.  The imaging system consisted of three components: a LEICA MZ6 modular 
stereomicroscope (shown on Fig. 5.3) manufactured by LEICA Microsystems, a coupled 
SPOT RT digital camera manufactured by Diagnostic Instruments Inc., and a computer.  The 
software used is SPOT V3.2.1, which is also from Diagnostic Instruments Inc.  This software 
includes controls for data acquisition, storage, archival, calibration and annotation.  With this 
system, the user can capture a magnified digital image of the sample easily and analyze the 
image conveniently with the supplied software.  
 
 
Fig. 5.3  LEICA MZ6 Stereomicroscope 
The concept of this image analysis method is to take digital pictures of the cross 
section of the surface, then by magnification and digitization, the shape of the cross section 
can be measured and thus the profile can be obtained. 
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To measure the dimensions of the surface profile from the digital image, a calibration 
procedure is required to setup the scale factor.  This can be achieved by imaging and 
measuring a standard scale.  Then a relationship between the real dimensions and pixel 
numbers in the picture, (i.e., a calibration factor) can be established.  By keeping the same 
magnification, this calibration factor can then be used to measure dimensions of the surface 
profile.  With the help of the software, dimensions between any two points can be 
conveniently measured and denoted. 
For the purpose of observation and imaging, strips of approximately 0.6 cm wide and 
6 cm long were cut from the aluminum jacketing material.  To protect the integrity of profile, 
the original manufactured edge was used for imaging instead of the fresh-cut side.  By 
careful inspection, the original edge of the material was confirmed to be shaped after the cut 
of the jacketing roll, thus authentically representing the roughness characterization along the 
surface.  The prepared samples were then put perpendicularly on the observation platform of 
microscope, to take the image of the sample edge.  
H2 roughness can be described as evenly-distributed corrugated ridges along the pipe 
axis direction.  Fig. 5.4 shows a magnified image taken from the sample.  The shape is 
illustrated by the sketch in Fig. 5.5, with approximate dimensions.  
 
  
Fig.5.4  Magnified image of H2 roughness profile, Cross view 
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Fig. 5.5  Schematic Diagram of H2 Roughness 
H3 roughness is more irregular with random dimples or bumps.  There is no 
directional preference for the roughness.  The diameter of these dimples was estimated to 
range from 2 mm~5mm. Fig 5.6 shows an image of H3 surface roughness.  Compared to H2 
roughness, H3 roughness was more irregular and smaller in magnitude.  Hence, a higher 
magnification factor was used for the imaging. 
 
 
Fig. 5.6  Real Image of H3 Roughness  
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Fig.5.7  Magnified Image of H3 Roughness Profile 
 
For each sample, images of the edge were taken progressively, segment by segment.  
Peak-to-valley values were then measured and denoted based on these segments, with each 
segment approximately 5 mm long.  A mean was taken from the peak-to-valley values of 
each segment, representing the Kp value for the surface.  The results are summarized and 
presented in Table 5.1 and Table 5.2, for H2 roughness and H3 roughness respectively.  The 
average Kp values is 0.268 mm for the roughness of H2 cylinderand 0.152 mm for the 
roughness of H3 cylinder. 
 
Table  5.1 Kp values for H2 roughness (corrugated) 
Segment Values Parameter 
(mm) #1 #2 #3 #4 #5 #6 #7 #8 #9 
Peak 0.539 0.577 0.6 0.575 0.587 0.623 0.635 0.611 0.599 
Valley  0.276 0.335 0.312 0.275 0.386 0.348 0.348 0.335 0.312 
Kp 0.263 0.242 0.288 0.300 0.201 0.275 0.287 0.276 0.287 
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Table 5.2  Kp values for H3 roughness (dimpled) 
Segment Values Parameter 
(mm) #1 #2 #3 #4 #5 #6 #7 #8 #9 
Peak 0.427 0.43 0.433 0.4 0.46 0.433 0.439 0.307 0.388 
Valley  0.271 0.289 0.271 0.265 0.289 0.277 0.247 0.217 0.22 
Kp 0.156 0.141 0.162 0.135 0.171 0.156 0.192 0.09 0.168 
 
5.5 Equivalent Uniform Sand Grain Roughness 
Instead of using the peak-to-valley values to evaluate the effects of surface roughness 
on the cylinder flows, equivalent uniform sand grain roughness e was suggested to be a more 
appropriate parameter by many scholars.  This definition of equivalent uniform sand grain 
roughness and the relation between e and Kp were well explained in ESDU Data Item 80025 
(ESDU, 1980) and are quoted here: 
In order to provide a comparative measure of surface roughness in 
relation to its effect on the development of the surface layer flow, the concept 
of an equivalent uniform sand grain roughness is used for which the flow 
induced forces are the same as those generated by the natural surface 
roughness.  The idea, first used for characterizing of friction losses in the flow 
inside rough pipes, and later on flat plates, provides an approximate 
equivalence between the flow-induced forces produced by the actual 
roughness and the uniform sand grain roughness of height e...  The relation 
between Ka or Kp and e is not fixed.  It depends on the actual roughness shape 
and its distribution as illustrated by values in the table (Table 5.3). 
 
Based on Table 5.3 and the actual roughness shape, the equivalent roughness values 
of H2 roughness and H3 roughness are estimated as follows: 
H2 roughness: e = (0.5~1)* Kp = 0.13mm~0.27mm 
H3 roughness: e = (0.05~0.1)* Kp = 0.008mm~0.015mm 
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Usually, the relative ratio of the effective surface roughness to the cylinder diameter, 
e/d, is used, which is 1.1~2.2×10-3 for H2 and 0.7~1.2×10-5 for H3, respectively.  
Table 5.3  Effective Surface Roughness Values for Various Types of Surface Finish 
(reproduced from ESDU, 1980) 
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CHAPTER 6.  CALIBRATION AND DATA VALIDATION 
6.1 Introduction 
Calibrations of all instruments and data validation were carried out before the primary 
tests were conducted.  The calibration procedure includes the calibration of hot-wire probe, 
load cells and pressure transducer, and digital air pressure meter (which will be introduced in 
Chapter 9).  The data validation procedure includes determining the sampling rate and 
duration, force measurement validation, velocity correction, end effects survey, and 
validation of cylinder test results.  Since the blockage ratio for all the tests was kept less than 
5%, no blockage corrections were made. 
6.2 Calibration 
6.2.1 Hot-wire Probe Calibration 
The principle of the hot-wire system is to monitor the output of a circuit bridge, 
which is then related to the air velocity passing the probe.  This relationship between the 
circuit bridge output and the velocity varies with each specific probe.  To define this 
relationship, a calibration procedure of the probe is needed before it can be used.  This 
calibration procedure was conducted using Model 1129 Automated Air Velocity Calibrator.  
A schematic figure of the complete calibration system is shown in Fig. 6.1.  The system 
includes the Calibrator and the IFA300 Anemometer.  Both are manufactured by TSI 
Incorporated.  Using a compressed air supply, the Calibrator is capable of generating a wide 
range of low turbulence air velocity values at the nozzle exit where the probe is mounted.  
With the Calibrator attached to the control module located in the IFA 300 Anemometer, these 
velocity values can be controlled and measured automatically with the help of IFA 300 
software.  At each velocity value, the corresponding response of the probe is monitored.  By 
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monitoring a series of velocity values within the interested velocity range, the performance 
curve of the probe can thus be defined.  
 
Fig. 6.1  Schematic Diagram of Hot-wire Probe Calibration System 
6.2.2 Calibration of Load Cells and Pressure Transducer 
To quantify the drag and lift coefficients of wind forces on the cylinders, both force 
measurements and velocity measurements need to be taken simultaneously.  These 
measurements are realized by load cells and a pressure transducer respectively, with load 
cells to monitor the wind forces on the cylinders, and the pressure transducer to monitor the 
mean velocity of the approaching wind.  The outputs of both the load cells and the pressure 
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transducer were fed into the data acquisition board.  Taken over from Narasimhan’s 
experiment, the load cells and the pressure transducer were re-installed to the new 
experimental system.  A similar procedure was conducted to recalibrate these devices.  The 
details were described in Narasimhan’s thesis (1999).  A brief description will be given here. 
Each load cell was expected to have a voltage output linearly increasing with the 
applied load.  Calibrations for individual load cells were conducted to check this linearity.  
This was realized by hanging standard weights to the vertically oriented load cell.  By 
progressively increasing the calibration weight, the corresponding output voltages were then 
obtained.  The results of this calibration are presented in Fig. 6.2.  All load cells exhibited 
linear behavior in their operating range.  Load cells #1 and #3 are rated for 10 lbs full scale, 
while all others are rated for 5 lbs full scale, thus the significant difference in slopes for these 
two instruments. 
Calibration of Individual Load Cells
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Fig. 6.2  Calibration Curve for Individual Load Cells 
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After inspecting that each individual load cell worked properly, they were mounted to 
the brackets, as they would be during the tests.  Calibration weights were loaded at the center 
of the cylinder through a string in vertical and horizontal directions.  The calibration load was 
assumed to be distributed evenly to the load cells on each side.  Horizontal load was applied 
by using a pulley system, shown as Fig. 6.3.  A summary of the coefficients for each load cell 
from this calibration procedure is presented in Table 6.1.  Since the brackets may be moved 
during the test, the calibration was also repeated at different positions.  Results showed that 
there was no appreciable change from the position change.  During the primary test, some 
load cells went bad or were damaged accidentally.  In this case, both the individual load cell 
and the whole bracket unit that it belonged to were recalibrated and updated after the 
replacement.  The calibration data in Fig 6.2 represent the initial set of 16 load cells at the 
beginning of the primary test, and the data presented in Table 6.1 are based on the remaining 
load cells at the end of test. 
 
 
 
Fig. 6.3  Calibration Setup of Horizontal Load Cells 
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Table 6.1  Calibration Results for Load Cell Brackets 
Direction Load Cell Slope Coefficient (volt/lb)  Correlation Coefficient R2 
1st Bracket Unit 
Vertical LC#1 0.917 1.0000 
Horizontal LC#2 1.964 0.9998 
Vertical LC#3 0.883 1.0000 
Horizontal LC#4 1.994 0.9997 
2nd Bracket Unit 
Vertical LC#5 1.838 1.0000 
Horizontal LC#6 1.8337 1.0000 
Vertical LC#7 -2.768 1.0000 
Horizontal LC#8 2.5042 0.9990 
3rd Bracket Unit 
Vertical LC#9 1.8197 1.0000 
Horizontal LC#10 -2.0901 -0.9980 
Vertical LC#11 1.9749 1.0000 
Horizontal LC#12 -1.9475 0.9980 
4th Bracket Unit 
Vertical LC#13 -2.573 -1.0000 
Horizontal LC#14 1.838 1.0000 
Vertical LC#31 -2.708 1.0000 
Horizontal LC#16 -1.946 -1.0000 
 
To monitor the mean velocity during the experiment, a pitot-tube coupled with a 
pressure transducer was used.  The Calibration procedure was the same as that described by 
Narasimhan (1999).   
The pitot-tube probe was placed in the wind tunnel with total and static 
pressure outputs connected simultaneously to the pressure transducer and a 
manometer with a resolution of 0.1 inches of water.  Manometer readings and 
pressure transducer were monitored for several wind velocities.  Three 
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readings on the manometer were taken for each velocity and averaged, to 
minimize the potential for error.   
The calibration curve for the pressure transducer is presented in Fig. 6.4.  This 
calibration was rechecked several times before and after the primary testing.  No appreciable 
change occurred. 
6.3 Data Validation 
An extensive validation procedure was conducted before the production tests, in order 
to minimize sources of potential errors for both the experimental setup and the data analysis 
method.  The validation procedure included decisions of sampling time and duration, 
confirmation of force measurements, velocity measurement correction and survey of end 
effects.  Standard experimental setup, operation procedures and data analysis procedures 
were tuned and established based on these validation results.  Representative tests were then 
conducted to compare the test results to the published data from previous research.  
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Fig. 6.4  Calibration Curve of Pressure Transducer 
 62 
6.3.1 Sampling Rate and Duration 
For stationary signals, the decisions of the sampling rate and duration were based on the 
following philosophies: the sampling rate should be at least twice the highest frequency 
component of the signal with significant energy; and the sampling duration should be higher 
than the period that corresponds to the lowest frequency component of the signal with 
significant energy.  
A spectral analysis was first conducted based on the data sampled at a reasonably 
high frequency for both the pressure transducer and the load cells.  Fig. 6.5 shows the 
spectrum of the pressure transducer output at the mean velocity of approximately 10.5 m/s, 
sampled at 20 KHz for 3.2 seconds, for both grid flow and smooth flow cases.  Fig. 6.6 and 
6.7 shows the spectrum of the load cell output when the cylinder G was tested at the mean 
velocity of approximately 9.4 m/s, for both smooth flow and grid-turbulent flow, with a 
sampling rate of 1 KHz and duration of 6.4 seconds.  The spectrum of both the pressure 
transducer and the load cells shows that the signals have no components with significant 
energy at a frequency of 100 Hz or higher. 
Since the vortex shedding is an important phenomenon for flow around circular 
cylinders and was expected to play an important role in the behavior of the models, the 
characteristic frequencies n for the tested cylinders at various velocities were estimated.  
Vortex shedding frequency was calculated as: 
dUsn /×=  (Eq. 6-1) 
where U is the mean velocity of the approaching flow, d is the cylinder diameter, and s is the 
Strouhal number.  The Strouhal number is a function of Reynolds number.  For 
Re=2~10×104, s stays relatively consistent at the value of s»0.2 (see Fig.2.4).  A summary of 
 63 
the calculation of both vortex shedding frequency and Reynolds Number is presented in 
Table 6.2.  It can be observed that the vortex shedding frequency for all the cases is less than 
100 Hz.  
1.0 10.0 100.0 1000.0
 0.000
 0.005
 0.010
 0.015
 0.020
Smooth flow, X=81cm, Y=-28cm, Y=0, Sampling at 20 KHz, 3.2Sec
1.0 10.0 100.0 1000.0
 0.000
 0.005
 0.010
 0.015
 0.020
Grid flow, X=81cm, Z=-28cm, Y=0, Sampling at 20 KHz, 3.2Sec
 
Fig. 6.5  Spectrum of Pressure Transducer Output 
Based on the above discussion and analysis, 400 Hz was chosen as the sampling 
frequency for data acquisition.  Considering the capacity of the computer, the time duration 
of 10 second was chosen as the sampling duration, for which 4000 data points per channel 
were collected.  At this sampling configuration, G cylinder was tested at a mean velocity of 
approximately 7.5 m/s, for both smooth flow and grid-turbulence flow.  Six samples were 
collected for each case.  Table 6.3 and Table 6.4 present the mean value for each sample for 
smooth flow and grid-turbulence flow respectively.  Since lift force was approximately zero 
for the single cylinder test, only data from the horizontal load cells and pressure transducer 
 64 
are presented here.  These data confirmed that the mean values were very consistent and 10-
second sampling duration should be sufficient for the test. 
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Fig. 6.6  Spectrum of Load Cell Output for G Cylinder in Smooth Flow, Sampled at 1 KHz 
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Fig. 6.7  Spectrum of Load Cell Output for G1 Cylinder in Grid Flow, Sampled at 1 KHz 
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Table 6.2 Predicted Vortex Shedding Frequency 
U=7.6m/s U=9.6m/s U=11m/s 
Cylinder 
D 
(cm) Re n (Hz) Re n (Hz) Re n (Hz) 
E 4.42 22445 34.3 28352 43.3 32487 49.7 
F 6.02 31920 24.1 40320 30.5 46200 34.9 
G 8.89 45043 17.1 56896 21.6 65193 24.7 
H 12.22 61915 12.4 78208 15.7 89613 18.0 
 
 
Table 6.3  Grid flow, G1 cylinder, Sampled at 400Hz, 10 Sec Duration 
 Horizontal LC 
#1 (volt) 
Horizontal LC 
#2 (volt) 
Pressure 
Transducer (volt) 
Sample #1 0.3551 0.4632 0.0527 
Sample #2 0.3565 0.4679 0.0527 
Sample #3 0.3555 0.4667 0.0527 
Sample #4 0.3583 0.4647 0.0528 
Sample #5 0.3569 0.4654 0.0529 
Sample #6 0.3577 0.4661 0.0528 
 
Table 6.4  Smooth flow, G1 cylinder, Sampled at 400Hz, 10 Sec Duration 
 Horizontal LC  
#1 (volt) 
Horizontal 
LC #2 (Volt) 
Pressure 
Transducer (Volt) 
Sample #1 0.3737 0.4493 0.0529 
Sample #2 0.3727 0.4544 0.0527 
Sample #3 0.3729 0.4546 0.0533 
Sample #4 0.3740 0.4480 0.0531 
Sample #5 0.3730 0.4521 0.0530 
Sample #6 0.3739 0.4528 0.0528 
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6.3.2 Force Measurement Validation 
To confirm the performance of the force measuring system, a known static load was 
applied to the cylinder horizontally while it was installed.  Standard weights were first 
increased, and then decreased to simulate a loading-unloading procedure.  At each stage of 
load, the force was measured 3 times: 1 minute, 2 minutes and 5 minutes after the loading 
respectively.  The applied load and the measured values from this procedure are shown in 
Table 6.5.  The difference between all measurement results and the applied loads were within 
1%.  This test shows that the measurement system had no significant hysteresis or creep 
effects.    
Table 6.5  Validation of Force Measurement 
 Measured Load (lb) 
Applied Load (lb) 1 min after 2 min after 5 min after 
1.0 0.991 0.992 0.991 
2.0 2.009 2.012 2.014 
1.0 1.001 1.003 1.005 
0 -0.003 -0.003 -0.002 
1.0 0.991 0.992 0.993 
 
6.3.3 Velocity Correction 
A correction procedure was developed to account for small variations of velocity across 
the tunnel and the boundary layer along wind tunnel walls.  To calculate the drag and lift 
coefficients, the profile-mean-velocity pflU  was used.  Its definition is introduced here: 
åò D×==
- i
ii
L
L
pfl yULdyyUU
5.025.0
2/
2/
2 )(]/)([  (Eq. 6-2) 
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Here, )(yU is the mean velocity at the Y= y position; L is the length of the profile and Y=0 is 
the middle of the profile.  The definition of pflU  is based on the calculation of drag and lift 
coefficient, where the drag/lift force is proportional to the square of the velocity.  The 
profile-mean-turbulence-intensity pfluI -   is defined as the average uI  across the tunnel.   
During the primary tests, the pitot-tube and pressure transducer were used to monitor 
the mean wind velocity.  To minimize the interference between pitot-tube probe and the pipe 
models, as well as minimize the velocity difference between the measuring position and the 
model position, the location of the pitot-tube probe was carefully investigated as described in 
the remainder of this section.  As result of this investigation, the final pitot-tube probe 
location was set at X=81cm, Z=-27cm and Y=0.  For most tests, the furthest upstream 
cylinder was located at X=115cm.  
Potential velocity measurement errors may result from three sources: a) the difference 
between the velocity at the pitot-tube position and velocity at the model position; b) the 
difference between the point velocity measurement and the profile-mean velocity 
experienced by the model;  and c) interference of the flow at the pitot-tube probe location by 
the introduction of the pipe models.  These three potential errors were carefully investigated 
and corrections were made when they were necessary.  pflU  was estimated using the mean 
velocity measurements across the width of the test section (Y= ±30.5 cm). 
Profile-mean-velocity pflU  and profile-mean-turbulence- intensity pfluI -  at various 
locations were first calculated based on the hot-wire anemometer test data.  Table 6.6 and 
Table 6.7 present the results at two different wind tunnel fan settings and for smooth flow 
and grid-turbulence flow respectively.  Five positions were tested.  From upstream to 
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downstream, Position A corresponds to the pitot-tube position, and Positions B, C, D and E 
correspond to locations in the testing area where the pipe models were set up.  
From Table 6.6 and Table 6.7, a slight increasing trend of pflU along X direction can be 
observed.  This is due to the slightly increasing thickness of the boundary layer along the 
walls of the test section, which has parallel instead of diverging walls.  For all the cases, the 
velocity difference between Position A and Position B was approximately 1% or less.  
Position B is the furthest upstream location that cylinders could be mounted in the test 
apparatus.  For most of the production tests, a cylinder was installed in Position B.  In the 
case of multiple cylinder tests, downstream cylinders are immersed in the wake of the 
upstream cylinder.  The slight increase in velocity was considered negligible compared to the 
much more dominant effects of upstream wakes.  In conclusion, the profile-mean-velocity at 
the pitot-tube position can be treated as a close estimate of profile-mean-velocity at the 
cylinder positions and no corrections were made. 
Another potential error for velocity measurement is the difference between the velocity 
at the measuring position located in the middle of the profile, denoted as mU , and the profile 
mean velocity.  To evaluate this velocity difference, the ratio of mpfl UU /  was calculated at  
Table 6.6  Distribution of Profile-mean-velocity for Smooth Flow 
Fan Setting #1 Fan Setting #2 
Position X (cm) Z (cm) 
pflU  (m/s) pfluI -  (%) pflU  (m/s) pfluI -  (%) 
A 80 -27 6.00 0.6 11.98 0.7 
B 114 0 5.98 0.8 11.97 0.8 
C 145 0 6.12 0.8 12.22 0.8 
D 175 0 6.13 0.7 12.27 0.8 
E 203 0 6.15 0.8 12.25 0.8 
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Table 6.7  Distribution of Profile-mean-velocity for Grid-turbulence Flow 
Fan Setting #1 Fan Setting #2 Position 
X (cm) Z (cm) 
pflU  (m/s) pfluI -  (%) pflU  (m/s) pfluI -  (%) 
A 80 -27 5.74 7.1 11.31 7.1 
B 114 0 5.81 5.6 11.44 5.6 
C 145 0 5.92 4.9 11.60 4.9 
D 175 0 5.93 4.3 11.58 4.3 
E 203 0 5.87 3.9 11.59 3.9 
 
X=81 cm, where the pitot-tube probe was setup.  Table 6.8 shows the values for both smooth 
flow and grid-turbulence flow.  Based on these values, a correction was made by multiplying 
mU by a correction factor as follows: 
For smooth flow: pflU =(0.99) mU  
For grid-turbulence flow: pflU =(1.009) mU  
Table 6.8  Ratio of mpfl UU / at X=81 cm, Z= -27 cm 
Fan Setting Mean Velocity (m/s) Smooth Flow Grid-turbulence Flow 
#1 5.9m/s 0.990 1.010 
#2 12.0m/s 0.990 1.008 
 
 
During the cylinder tests, the presence of the pipe models may slightly change the 
upstream flow field, and consequently may bias the measurement of the pitot-tube.  To check 
this potential error, velocities were measured using the pitot-tube for two cases, with and 
without a pipe model installed.  The pipe model with the biggest diameter (12.2 cm), H1, was 
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used so that the effect of the pipe model’s presence could be more likely detected, if there 
was any.  The measurement results for these two cases are presented in Table 6.9, for both 
smooth flow and grid-turbulence flow.  The comparison shows that there is little effect 
induced by the presence of the pipe model, and hence no correction is considered necessary 
for this.  
From Table 6.6 and Table 6.7, it can be concluded that the profile mean turbulence 
intensity was around 0.7%~0.8% all across the test section for smooth flow, however, it was 
decreasing along wind direction for grid-turbulence flow.  Both trends are independent of the 
mean velocities.  For grid-turbulence flow, uI  decreases linearly from X=114 cm to X=203 
cm (shown in Fig. 6.8).  Values of turbulence intensity at other positions can be interpolated 
as shown in Table 6.10.  
For all the velocity checking procedures discussed above, two velocities were 
measured and checked.  These two velocities correspond to the lowest and highest velocity 
under which the production tests were taken.  Therefore, all the evaluations and corrections 
are general conclusions and applicable to all the tested velocities.  
 
Table 6.9  Comparison of the Velocities at Pitot-tube Location (X=81cm, Z=-27 cm), with 
and without Pipe Model Installed 
Flow Condition Smooth Flow Grid-turbulence Flow 
Model No Model 
H1 model at 
X=120cm  
No Model 
H1 model at 
X=120cm 
U1 7.51 7.43 7.08 6.98 
U2 9.42 9.38 8.92 8.87 
Mean Velocity 
(m/s) 
U3 11.09 11.11 10.25 10.24 
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Fig. 6.8  Distribution of Iu  along Wind Direction for Grid-Turbulence Flow 
Table 6.10  Interpolation of Turbulence Intensity for Grid Turbulence Flow 
X (cm) 110 120 130 140 150 160 170 180 190 200 
uI  (%) 5.6 5.4 5.2 5.1 4.9 4.7 4.5 4.3 4.1 3.9 
 
 
6.3.4 Model End Effects Correction 
One of the major objectives of this experimental study is to investigate the wind loads 
on pipe rack structures commonly found in industrial and petrochemical facilities.  The pipes 
are very long in comparison with their diameters, essentially resulting in two-dimensional 
flow.  This implies that the pipe immersed in the flow is infinitely long or long enough that 
the end effects are negligible.  Since pipe models with limited length were used for the test, 
potential errors due to the end effects needed to be verified.  Although the end effects can be 
minimized by sealing the gap between the pipe model end caps and the wall of test section, 
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this may result in operational difficulties for testing, such as difficulties with installation and 
alignment of models, and transfer a portion of the load through friction between the model 
and side walls of tunnel.  An alternative option is to minimize the gap between the ends of 
the pipe model and the wall of wind tunnel by using a model slightly shorter than the clear 
distance between tunnel walls.  To investigate the feasibility of this option, a single pipe 
model with three different configurations were tested.  These three configurations are shown 
in Fig. 6.9 as Cases A, B and C.  Pipe models with two different lengths were tested in these 
three cases.  In Case A, a pipe model with length of 61 cm was used.  The gap between the 
ends of the pipe model and the wall of wind tunnel is about 1.25 cm thick for each side.  In 
Case B, these gaps were filled with wood disks on each side, with the same diameter as of the 
pipe.  The wood disks were attached to the wall of wind tunnel, and a minimum clearance 
was kept between the ends of the pipe model and the wood disks.  The thickness of the wood 
disk was 1.25 cm, which resulted in a gap of 0.25 cm at each side between the wood disk and 
the end cap of pipe model.  For Case C, a longer pipe model with length of 63 cm was tested, 
resulting in a gap between the edge of the model and wind tunnel wall of 0.25 cm.  Case A 
was the easiest to set up for production testing.  Case B represented the setup with the 
minimum end effects, as well as a minimum boundary layer bias.  However, since it is not 
practical to set up all of the experiments like Case B, Case C was considered a feasible 
alternative of Case B.  
Table 6.11 lists the drag coefficient s of single cylinders for the three end cases tested.  
Comparison between the results from Case A and Case B showed that the flow around the 
ends of the pipe model did cause 5-9% error if the pipe model with length of 61 cm was used.  
These effects were significantly reduced when using a longer pipe model with length of 63 
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cm as in Case C.  By the comparison between Case B and Case C, it is shown that Case C 
was a reasonable alternative to Case B and was considered an acceptable setup for two-
dimensional cylinder tests.  All production testing was performed using Case C, the 63 cm 
long models. 
 
 
 
Fig. 6.9  Three Cases for Checking End Effects 
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Table 6.11  Drag Coefficients Comparison for  End Effects Cases A, B and C 
Case A  Case B  Case C 
Re (×104) Cd  Re (×104) Cd  Re (×104) Cd 
3.2 1.130  3.3 1.175  3.2 1.183 
4.3 1.118  4.4 1.173  4.3 1.174 
5.4 1.112  5.6 1.198  5.4 1.192 
6.0 1.102  6.1 1.201  5.9 1.182 
 
 
6.3.5 Reproducibility of Single Cylinder Drag Coefficients 
As part of the validation process, experiments were run on a single cylinder model 
using all of the different sets of load cell brackets.  Two smooth cylinders, F and H1, were 
tested in smooth flow.  The tests were repeated at the same position (X=160 cm) using each 
of the four sets of load cell brackets.  Table 6.12 shows the values for each Re from the four 
brackets.  These same results are plotted in Fig. 6.10.  The test results show good 
reproducibility.  For any combination of model size and velocity, the maximum variation 
between Cd results for any of the four bracket sets is less than 3%. 
Since no corrections were made for the slightly increasing trend of the mean velocity along X 
direction (Section 6.3.2), tests of a single smooth cylinder in smooth flow were conducted at 
three different positions.  These three positions were located at X=120 cm, 160 cm and 200 
cm, near the farthest upstream, middle, and the farthest downstream points where cylinder 
models could be mounted in the test section, respectively.  The purpose of these tests was to 
further evaluate potential errors of the final results induced by minor velocity variations 
along the length of the test section.  The comparison of the test results for these three 
locations can be found in Fig. 6.11.  It can be observed that there is no appreciable trend or 
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difference among them, which further confirms the comparability of the test results for 
smooth flow case even if the tests were conducted at different locations. 
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Fig. 6.10  Cd for Single Cylinder Measured Using Different Load Cell Brackets 
 
Table 6.12  Validation of Single Cylinder Test Results from Four Load Cell Brackets 
Bracket#1 Bracket#2 Bracket#3 Bracket#4 
 
Cylinder 
Re 
(×104) Cd 
Re 
(×104) Cd 
Re 
(×104) Cd 
Re 
(×104) Cd 
2.9 1.165 2.9 1.157 2.9 1.166 2.9 1.177 
3.7 1.169 3.6 1.188 3.6 1.172 3.6 1.194 
F 
 
 4.3 1.168 4.3 1.179 4.3 1.178 4.3 1.202 
5.9 1.211 5.8 1.192 5.9 1.182 5.8 1.207 
7.4 1.200 7.4 1.191 7.4 1.203 7.3 1.203 
H1 
 
 8.7 1.201 8.7 1.194 8.7 1.191 8.7 1.209 
 
 76 
Comparison between tests at different locations
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Fig. 6.11 Drag Coefficients for Single Cylinder Tested at Different Locations in the Test 
Section 
6.3.6 Validation of Single Cylinder Drag Coefficients 
Many previous studies have shown that drag coefficients on single cylinder are a 
function of several variables, including Reynolds number, flow turbulence, and surface 
roughness.  For smooth cylinders immersed in a low- turbulence flow (Iu<1%), the drag 
coefficients depend primarily on the Reynolds number.  The relationship of Cd versus Re has 
been well defined by previous studies for Re up to 107.  For the experiments in this study, the 
Re falls in the range of 2.9×104 to 8.7×104.  Within this Re range, the drag coefficient 
remains fairly constant value for a smooth cylinder tested in smooth flow (see Section 2.2.1).  
Although values of Cd ranging from 1.12 to 1.3 have been reported by previous studies, these 
were attributed to effects of some other secondary parameters, (i.e. high blockage ratio).  The 
value of Cd=1.2 is the most accepted value for this case.  Knowing this, it serves as a good 
reference for validating the results for the experimental setup.  Both Table 6.12 and Fig. 6.12 
exhibit that the drag coefficients measured in this study were all in the range of 1.16 to 1.21 
 77 
for all the single smooth cylinder cases in the smooth flow condition.  This agreed with the 
established results very well and validated that the experiment system was appropriately set 
up. 
Single cylinder test results were further validated by testing models in the flow with 
different turbulence intensities.  A summary of the single cylinder test results at different 
turbulence intensities can be found in Appendix C.  Fig. 6.12 shows the drag coefficients for 
cylinder H1 tested in three different flows: smooth flow and grid-turbulence flows with 
Iu=3.9% and Iu=5.6%.  It can be observed from the figure that the more turbulent the flow, 
earlier the transition to the critical flow regime, which coincides with the conclusions from 
established data.  In Fig. 6.13, the comprehensive review of single cylinder drag coefficients 
at various Iu values, including the current experimental data and data by other scholars (from 
Zdravkovich, 1997) is presented.  By the comparison, a good agreement can be observed for 
the current data in the context of all data sets.  The current experimental data obtained with 
Iu=5.6% fell between other researchers’ data obtained with 3.2% & 9.5%, as expected. 
Drag Coefficient at Different Flow Turbulence Intensity
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Fig. 6.12  H1 Cylinder Tested in Smooth Flow and Grid-turbulence Flow 
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Comparison of C d  vs Iu  to Published Data 
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Fig. 6.13  Review of Drag Coefficients for Different Turbulence Intensity 
Similar to the effects of flow turbulence, many experimental works have demonstrated 
that rougher surface can promote an earlier transition to the critical flow regime, as discussed 
in Section 2.2.2.  Single cylinder tests with two types of surface roughness were tested in this 
study.  Fig. 6.14 shows the variation of drag coefficients for two types of rough surfaces 
together with smooth surface, at two Iu levels.  The results confirm an earlier transition for a 
rougher surface cylinder at the same Reynolds number range. 
6.3.7 Validation of Drag Coefficients for Two Cylinders Arranged in Tandem 
A variety of measurements have been carried out on two cylinders arrangements by 
many scholars, including in tandem arrangements, side by side arrangements and staggered 
arrangements (see section 2.3).  Among them, experimental results on the drag forces 
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Drag Coefficients for Different Iu and Surface Roughness
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Fig. 6.14  Single Cylinders with Different Surface Roughness Tested in Different Flow 
Conditions 
on two identical cylinders arranged in tandem have been reported the most and are relatively 
established, especially for sub-critical Reynolds number range.  Narasimhan (1999) 
performed a comparison of his test results with several previous works, and found good 
agreement.  The drag coefficients of combination FF from this experimental study are shown 
in Figs. 6.15 to 6.16, together with Narasimhan’s data.  Another data set from ESDU Date 
Item 84015 (ESDU, 1984) is also presented considering that ESDU Data Items are typically 
based on a comprehensive review of research work, so the ir report represents a reliable 
reference.  As seen from Figs. 6.15 and 6.16, the general trends as well as the individual data 
points from the current experiments match well with each other and with the Narasimhan 
data and ESDU report with two exceptions.  For small spacings (L/d=1.5~2.0), the ESDU 
report under-predicts the current experimental data by approximately 10% for the upstream 
cylinder.  At L/d=3.0, both the ESDU report and Narasimhan’s data indicate Cd of roughly 
0.2 for downstream cylinder, while current experiments reported Cd of near zero.  These 
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minor disagreements are perhaps not unreasonable considering the different experiments 
involve many secondary factors that may affect the results. 
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Fig. 6.15 Cd for Upstream Cylinder, Two Cylinders Arranged in Tandem 
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Fig. 6.16  Cd for Downstream Cylinder, Two Cylinders Arranged in Tandem 
6.3.8 Validation of Drag Coefficients for Three Cylinders Arranged in Tandem 
The experiments that have been done with three or more cylinders are very limited.  
Sayers (1987) conducted an investigations on three cylinders arranged as an equal- lateral 
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triangle.  In an earlier time, Dalton and Szabo (1977) did some experiments on groups 2 and 
3 cylinders at various wind angles.  For the three-cylinder case, the cylinders were arranged 
in a line and kept a symmetric spacing about the middle cylinder.  At a wind angle of zero, 
the arrangement became the three-cylinder in tandem case.  Narasimhan (1999) compared his 
data to Dalton and Szabo’s data for Re=5.2×104.  In Figs. 6.17-6.19, drag coefficient 
variations versus the spacing from the current experiment data are presented together with 
Narasiham’s and Dalton and Szabo’s data.  Narasimhan determined that it appeared that 
Dalton and Szabo had mistakenly swapped labels on middle and downstream cylinder data.  
The Dalton and Szabo data shown in Figs. 6.18 and 6.19 reflect this assumption.  The data 
for the current experiment came from the test with two identical cylinders arranged in 
tandem, configuration FF, at Reynolds number of 6.3×104.  Configuration FF was also tested 
at a Reynolds number of 4.3×104 and 6.3×104 and it was found that in this range, the drag 
coefficients for all the three cylinders were independent of Reynolds number.  Good 
agreements of the data can be observed for both the upstream and the middle cylinder for all 
the three data sets (again, including the assumption that Dalton and Szabo’s data for middle 
and downstream cylinders reversed).  For the downstream cylinder, results at the current 
experiment agreed well with these reported by Narasimhan.  For L/d<4, the Dalton and Szabo 
data showed significantly smaller drag coefficients for the downstream cylinder, but their 
data matched well at larger spacings.  
From the comparison of both two-cylinder and three-cylinder in tandem 
arrangements, a good agreement between the current experiments and Narasimhan’s 
experiments can be found for all the inspected cases.  This implies a good comparability of 
these two studies, which also demonstrates the feasibility of integrating the two data sets into 
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one larger dataset for future investigations.  Comparison with data from the literature showed 
a good match, inspiring confidence in the experimental setup and procedures.  
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Fig. 6.17  Cd of Upstream Cylinder, Three Cylinders Arranged in Tandem 
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Fig. 6.18  Cd of Middle Cylinder, Three Cylinders Arranged in Tandem 
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Dowstream Cylinder
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
2 2.5 3 3.5 4 4.5 5L/d
C
d
Experiment, Re=43K
Experiment, Re=63K
Narasimhan, Re=52K
Dalton & Szabo, Re=52K
 
Fig. 6.19  Cd of Downstream Cylinder, Three Cylinders Arranged in Tandem 
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CHAPTER 7.  TWO-CYLINDER ARRANGEMENTS 
7.1 Introduction 
 In industrial applications, pipe racks typically consist of series of cylinders with 
different diameters and various surface conditions.  These cylinders are usually lined up with 
bottom-leveled as a pipe rack for the convenience of supporting.  For the series of cylinders, 
the flow around them becomes extremely complicated as the number of the cylinders 
increases.  Besides the factors that may affect single cylinder drag coefficients, like the 
Reynolds number, surface roughness, and flow turbulence, the spacing between cylinders 
becomes another crucial factor because of the mutual interactions between cylinders, as well 
as the orientation angle of the line of cylinders relative to the wind.  Since two-cylinder 
arrangement is the fundamental of any multiple-cylinder configuration, the research on the 
two-cylinder arrangement can significantly simplify the complexity, and will provide 
valuable insights to start the further investigation.   
In the previous studies, most experiments were conducted on two equal-diameter 
cylinders combinations, few data was available for unequal-diameter combinations.  Most of 
the test results were performed at subcritical Reynolds numbers.  In Narasimhan’s work, an 
extensive survey of cylinder configurations with equal and unequal diameters arranged in 
tandem was conducted in smooth flow conditions.  The tested Reynolds numbers ranged 
from 2×104 to 9×104, and the tested spacing between the cylinders from 2 to 26 times 
diameters for the small cylinder combinations.  As an extension of his work, effects of 
surface roughness and flow turbulence were introduced in this study.  Since cylinders with 
larger diameters were used in experiment, the higher resolution of spacings were possible to 
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test, especially for the close spacings.  In this chapter, these two-cylinder tests will be 
described and the results will be presented and analyzed. 
7.2 Description of Experiments 
Based on the configuration of the cylinder combination and their alignment relative to 
the approaching wind direction, the experiments for two-cylinder arrangements can be 
classified into the following four categories: 
A) Two identical cylinders, aligned in tandem 
B) Two cylinders with unequal diameters, with tops aligned parallel to the flow  
C) Two identical cylinders, with center aligned at a small angle to the flow 
D) Two cylinders with unequal diameters, with center aligned parallel to the flow 
For each category, the tested combinations are listed in Table 7.1, where “dUC” and 
“dDC” refer to the diameters of upstream and downstream cylinders respectively, and “L” 
refers to the distance between the two cylinders from center to center in wind direction.  Each 
individual combination was identified by the letters of composing cylinders (“I.D.” in the 
table), in the order of the arrangement from upstream to downstream.  For example, a 
combination identified as H1G means that cylinder H1 was installed as the upstream cylinder 
and cylinder G was the downstream cylinder.  The wind velocities under which the tests were 
conducted for each combination are listed as well.  A schematic diagram of the arrangements 
is shown in Fig. 7.1.   
The majority of the tests are conducted using Categories A and B setups.  In the 
following descrip tions, if not specified, the in-tandem arrangement is the default description 
for equal-diameter combinations (Category A).  The staggered arrangement will be specified 
particularly.  For the arrangement of all the unequal diameter combinations, the tops-leveled 
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arrangement will be the default description (Category B).  The center- leveled arrangement 
will be specified particularly.  
 
Fig. 7.1  Schematic Diagram of Two-cylinder Arrangements  
 
Category A features five test combinations, all composed of two identical cylinders 
arranged in tandem, with either smooth surface or rough surface.  The specifications of the 
surface roughness can be found in Chapter 5.  Category B experiments feature four 
combinations of unequal diameters arranged as tops-leveled.  Although for industrial 
applications the cylinders are usually leveled and supported at the bottom, the tops-leveled 
configuration was adopted for the convenience of installation of test models in the wind 
tunnel.  This will give the same results for both drag and lift forces, except the signs of the 
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lift forces will be reversed compared to field applications.  Categories A and B setups made 
up the majority of the two-cylinder arrangement tests.  Category C experiments were 
conducted to evaluate the wind approaching angle effects.  Two identical cylinders with 
center of the cylinder aligned at a small angle (a=11o) to the direction of approaching wind 
were tested, as the comparison case to the in-tandem arrangement.  As a slightly different 
version of Category B, one unequal-diameter combination was carried out by aligning the 
cylinder centers parallel to the flow direction, which composed the Category D experiment. 
Table 7.1  Test Matrix for Two-cylinder Arrangements 
SM-Flow(1) GT-Flow(2) 
Test 
Category 
I.D. dDC/dDC Tested 
Velocity (m/s) 
Re* (3) 
(×104) 
Tested Velocity 
(m/s) 
Re* (3) 
(×104) 
FF 1 7.4, 10.8 4.0 7.1, 10.1 4.2 
GG 1 8.3, 10.2 5.8 7.9, 9.7 5.6 
H1H1 1 7.3, 9.2, 10.9 8.4 6.9, 8.8, 10.2 8.0 
H2H2 1 
5.4, 7.3, 9.2, 
10.9 
8.4 
5.2, 6.9, 8.8, 
10.2 
8.0 A 
H3H3 1 
5.4, 7.3, 9.2, 
10.9 
8.4 
5.2, 6.9, 8.8, 
10.2 
8.0 
GH1 0.7 7.3, 9.3, 10.9 8.4 7.1, 9.0, 10.3 8.0 
H1G 1.4 7.3, 9.3, 10.9 8.4 7.1, 9.0, 10.3 8.0 
FH1 0.5 7.3, 9.3, 10.9 8.4 7.1, 9.0, 10.3 8.0 
B 
H1F 2.0 7.3, 9.3, 10.9 8.4 7.1, 9.0, 10.3 8.0 
C FF 1 10.9 4.2 10.1 4.0 
D FH1 0.5 7.3, 9.3, 10.9 8.4 7.1, 9.0, 10.3 8.0 
Note: (1) Smooth flow condition  
(2) Grid-turbulence flow condition  
(3) The Reynolds number was calculated based on the maximum velocity and the 
larger cylinder in the combination 
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For each combination, the spacing between the two cylinders was progressively 
changed, from the closest possible spacing to the farthest that the system allows.  Each 
combination experiment consisted of a series of tests and each test corresponded to a certain 
spacing configuration.  For each test, zero readings were collected individually, and the drag 
and lift forces were measured at various velocities.  With this process, each test acted as an 
individual unit of the experiment.  Thus, the potential errors from zero drift could be 
minimized when the cylinder was moved.  All combinations were tested in both smooth flow 
(SM-Flow) and grid-turbulence flow (GT-Flow).  During the process of changing the 
spacing, the upstream cylinder was kept at the same position (X=115 cm), and the position of 
downstream cylinder was changed to achieve different spacing configurations.  Although the 
turbulence intensity decreases slightly along the wind direction inside the test section, it was 
argued that the effect of slight fading of the turbulence should be negligible compared to the 
much more dominant effects of the turbulence induced by the upstream cylinder.  Therefore, 
the turbulence intensity at the position of upstream cylinder will be reported as the 
representation of the flow condition, which is Iu=5.6% for all the GT-Flow cases. 
7.3 Test Results, Analysis, and Discussion 
All the results for each combination are summarized in Appendix D.  The plots of these 
interested coefficients versus the spacing L/d1 are presented in the following figures, where 
d1 refers to the smaller diameter of the two, if they are not equal.  An index of these figures 
can be found in Table 7.2.  Figures from Fig. 7.2 to Fig. 7.21 show the drag force coefficients 
for the individual cylinders, both upstream and downstream, for each combination.  Lift force 
coefficients of the individual cylinders for unequal-diameter tops-leveled arrangements are 
presented in Fig. 7.22 to Fig. 7.29.  The positive lift force corresponds to the downwards  
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Table 7.2  Index of Figures for Two-cylinder Test Results 
Individual Cylinders  
GT-Flow SM-Flow 
Combination Combination 
ID 
Cd Cl Cd Cl Cd* 
FF Fig. 7.2 N.A(1) Fig. 7.3 N.A(1) Fig. 7.30 
GG Fig. 7.4 N.A(1) Fig. 7.5 N.A(1) Fig. 7.31 
H1H1 Fig. 7.6 N.A(1) Fig. 7.7 N.A(1) Fig. 7.32 
H2H2 Fig. 7.8 N.A(1) Fig. 7.9 N.A(1) Fig. 7.33 
H3H3 Fig. 7.10 N.A(1) Fig. 7.11 N.A(1) Fig. 7.34 
FH1 Fig. 7.12 Fig. 7.22 Fig. 7.13 Fig. 7.23 Fig. 7.35 
GH1 Fig. 7.14 Fig. 7.24 Fig. 7.15 Fig. 7.25 Fig. 7.36 
H1F Fig. 7.16 Fig. 7.26 Fig. 7.17 Fig. 7.27 Fig. 7.37 
H1G Fig. 7.18 Fig. 7.28 Fig. 7.19 Fig. 7.29 Fig. 7.38 
FH1 
(Center-
leveled) 
Fig. 7.20 N.A(1) Fig. 7.21 N.A(1) Fig. 7.39 
FF (staggered) Fig. 7.40 N.A(1) Fig. 7.41 N.A(1) Fig. 7.42  Fig. 7.43 
Note: (1) For all these symmetric configurations, mean lift coefficients are close to zero 
and are not presented 
 
direction.  This sign convention of the lift force will be adopted in the three and four-cylinder 
test results as well.  This can be imaged to the upward direction for the same combination 
with bottom-leveled cylinders.  Due to the symmetric nature of configuration relative to the 
wind direction, the lift coefficients were around zero for all equal-diameter in-tandem cases, 
and unequal-diameter center- leveled cases as expected.  The plots of lift force coefficient for 
these combinations are not presented.   
For multiple-cylinder arrangement, combined drag coefficient were defined to evaluate 
the behavior of the drag forces by treating the combination as a group instead of the 
individual cylinders.  Combined drag coefficient is calculated based on the sum of drag 
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Fig. 7.2  Cd of FF, GT-Flow 
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Fig. 7.4  Cd of GG, GT-Flow 
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Fig. 7.3  Cd of FF, SM-Flow 
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Fig. 7.5  Cd of GG, SM-Flow 
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Cd, H1H1,  GT-Flow
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Fig. 7.6  Cd of H1H1, GT-Flow 
Cd, H2H2, GT-Flow
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Fig. 7.8  Cd of H2H2, GT-Flow 
 
Cd, H1H1, SM-Flow
-0.5
0.0
0.5
1.0
1.5
0 1 2 3 4 5 6 7 8
L/d
C d
U.C, Re=5.7E04
U.C, Re=7.2E04
U.C, Re=8.6E04
D.C,  Re=5.7E04
D.C,  Re=7.2E04
D.C,  Re=8.6E04
 
Fig. 7.7  Cd of H1H1, SM-Flow 
Cd, H2H2 , SM-Flow
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Fig. 7.9  Cd of H2H2, SM-Flow 
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Cd, H3H3 , GT-Flow
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Fig. 7.10  Cd of H3H3, GT-Flow 
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Fig. 7.12  Cd of FH1, GT-Flow 
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Fig. 7.11  Cd of H3H3, SM-Flow 
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Fig. 7.13  Cd of FH1, SM-Flow 
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Cd, GH1 , GT-Flow
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Fig. 7.14  Cd of GH1, GT-Flow 
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Fig. 7.16  Cd of H1F, GT-Flow 
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Fig. 7.15  Cd of GH1, SM-Flow 
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Fig. 7.17  Cd of H1F, SM-Flow 
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Cd, H1G , GT-Flow
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Fig. 7.18  Cd of H1G, GT-Flow 
Cd, FH1  Center Leveled, GT-Flow
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Fig. 7.20  Cd of FH1 (Center- leveled), GT-Flow 
Cd, H1G , SM-Flow
-0.5
0.0
0.5
1.0
1.5
0 2 4 6 8 10 12
L/d1
C d
U.C, Re=5.8E04
U.C, Re=7.3E04
U.C, Re=8.6E04
D.C, Re=4.2E04
D.C, Re=5.3E04
D.C, Re=6.3E04
 
Fig. 7.19  Cd of H1G, SM-Flow 
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Fig. 7.21  Cd of FH1 (Center- leveled), SM-Flow 
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Fig. 7.22  Cl of FH1, GT-Flow 
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Fig. 7.24  Cl of GH1, GT-Flow 
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Fig. 7.23  Cl of FH1, SM-Flow 
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Fig. 7.25  Cl of GH1, SM-Flow 
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Cl, H1F , GT-Flow
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Fig. 7.26  Cl of H1F, GT-Flow 
C
l
, H1G , GT-Flow
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0 2 4 6 8 10 12
L/d1
C l U.C, Re=5.5E04
U.C, Re=7.0E04
U.C, Re=8.0E04
D.C, Re=4.0E04
D.C, Re=5.1E04
D.C, Re=5.9E04
 
Fig. 7.28  Cl of H1G, GT-Flow 
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Fig. 7.27  Cl of H1F, SM-Flow 
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Fig. 7.29  Cl of H1G, SM-Flow
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forces from all the composing cylinders and the projected area of the combination 
(Narasimhan, 1999).  For the in-tandem arrangements, the projected area of the combination 
equals to the projected area of the largest cylinder among the combination.  
LdU
D
AU
D
C iid
max
22
*
5.05.0 rr
åå ==             (Eq.7-1) 
Where: Di is the drag force of the individual cylinder in the combination.  For the tests in 
GT-flow condition, as argued in the previous section, the single cylinder drag coefficient for 
the downstream cylinder were based on the flow condition of upstream cylinder position, that 
is Iu=5.6% for most cases.  For each tested combination, the combined drag coefficients Cd* 
can be found in Fig. 7.30 ~ Fig. 7.39. 
The Reynolds numbers specified for each individual cylinder were based on upstream 
wind velocity and the diameter of the corresponding cylinder.  Hence, based on the diameters 
of each cylinder, the Reynolds number for the other individual cylinders in the combination 
at the same velocity can be verified for unequal-diameter case.  The Reynolds numbers 
specified for the combination as a whole were based on the diameter of largest cylinder 
among the combination.  
7.4 Drag Coefficients 
7.4.1 Drag Coefficients on Equal-Diameter Combinations Arranged In-tandem 
This section will discuss the drag coefficients on the individual cylinders for equal-
diameter in-tandem arrangements.  Reynolds number effects can be inspected from the 
results of FF, GG, H1H1 tests, which can be found in Figs. 7.3 through 7.7.  In these figures, 
U.C. stands for upstream cylinder and D.C. stands for downstream cylinder.  For the smooth 
flow case, the comparison shows that the behavior of both cylinders depends very little on 
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the Reynolds number in the tested range, from 2.9 ×104 to 8.6×104.  For upstream cylinder, 
the drag coefficient dropped to a minimum value of approximately 0.9 at the spacing of 
L/d=3.5, and then approached 1.2 quickly after L/d=4.0.  At the same spacing where the 
upstream drag coefficient dropped, the downstream cylinder showed a sharp increase.  This 
characteristic agrees with many observations from other scholars is believed to be a very 
important feature of the two in-tandem equal-diameter cylinders in the subcritical regime.  
Zdravkovich (1977) explained this behavior was the result of a bi-stable flow pattern 
between the two cylinders at the critical spacing. 
Effects of turbulence can be found by comparing the same combination tested in the 
two flow conditions.  It can be observed that at a smaller Reynolds number (2.7×104 to 
2.9×104), the flow turbulence shows little effects on both upstream and downstream 
cylinders.  This was explained because the turbulence had not promoted the flow beyond 
subcritical regime yet.  However, turbulence effects can be easily observed for the tests at 
higher Reynolds numbers (4.0 ×104 to 8.0×104).  In that Reynolds number range in the 
presence of flow turbulence, the upstream cylinder was less affected by the downstream 
cylinder, and depends more on the Reynolds number compared to the smooth-flow case.  It 
behaved more as it did in the single cylinder case.  For the downstream cylinder, the sharp 
increase of Cd at the critical spacing is much less apparent in the GT-Flow case than the SM-
Flow case.  At spacing of L/d<1.5, Cd of the downstream cylinder became smaller (less 
negative) when the turbulence presents.  For instance, at spacing of L/d=1.0, Cd of 
downstream cylinder in SM-Flow was around -0.5 for H1H1 at Re= 8.0×104, compared to the 
value of -0.1~0 in GT-Flow.   
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Comparisons of H1H1, H2H2, H3H3, presented in Figs. 7.6 ~7.11 respectively, reveals 
the effects of surface roughness.  Similar to the effects on the single cylinder, the surface 
roughness can promote a critical flow transition for two-cylinder arrangement as well, 
especially at a higher Reynolds numbers.  For instance, both H1H1 in Fig. 7.7 and H2H2 in 
Fig. 7.9 were tested at Re=8.6 ×104 in SM-Flow.  The only difference was the surface 
roughness.  Combination H2H2 showed a very different behavior from H1H1, with features 
that related to the critical regime.   
Characteristics of H1H1 tested in SM-Flow, GT-Flow and H2H2 tested in GT-Flow case 
can be considered as three regimes for the equal-diameter cylinders in-tandem case, from 
subcritical to critical or even post-critical regime.  The comparison of these three cases shows 
that as the flow regime developed into or past the critical range (i.e. H2H2 tested in GT-Flow 
at Re= 8.0 ×104, in Fig. 7.8), Cd for both the upstream cylinder and the downstream cylinder 
stayed relatively constant at a value of 0.58~0.63 for L/d>4.0, which is very close to the 
single cylinder case.  For the downstream cylinder, Cd possessed a positive value for all the 
tested spacing range, even at L/d=1.0 (where the cylinders are just touching), instead of a 
negative value for sub-critical regime.  It increased quickly with the increase of spacing from 
0.2~0.7 at L/d=1.0 to 0.55 at L/d=0.55~0.6 at L/d=4.0, and then stays constant or slightly 
increases beyond L/d=4.0.  
7.4.2 Drag Coefficients on Two Unequal-diameter Cylinders  
Figs. 7.12~7.19 present the drag coefficients for the four unequal-diameter tops- leveled 
combinations, FH1, GH1, H1F, and H1G.  The order in which the models are listed indicates 
the order of the models in the tunnel, from upstream to downstream.  The diameter ratios for 
 100 
 
these combinations (dDC/dDC) ranged from 0.5 to 2.0.  A diameter ratio of 1.0 represented the 
equal diameter case.  
A review of all of these cases showed that the drag coefficients for the unequal-
diameter combinations were more complicated than the equal-diameter case since the relative 
size ratio of the two played an additional role.  For combination FH1 and GH1, the drag 
coefficients of both upstream and downstream cylinders became relatively constant or 
slightly increased with the spacing increasing at the spacing of L/ d1 >5.0~6.0, where d1 is the 
diameter of the smallest cylinder in the combination.  Since the tested Reynolds number fell 
right on the edge of the critical regime, the variations at the close spacing were dramatic, 
since both Reynolds number and the spacing affected the drag coefficient at the same time.  
For the upstream cylinder, the smaller the downstream cylinder was, the less effect it had.  
The effects of downstream to the upstream cylinder were further reduced when the flow 
turbulence was introduced.   
7.4.3 Lift force Coefficients for Two Unequal-diameter Cylinder Tops-leveled 
Arrangements 
 
The mean lift force coefficients plotted vs. L/d1 can be found in Figs. 7.23~ 7.29 for all 
the unequal-diameter combinations.  Comparison of SM-Flow tests and GT-Flow tests reveal 
that flow turbulence changed the lift forces dramatically.  For the smooth flow case, the 
larger cylinder tended to have larger lift forces, either it was located in the upstream or 
downstream position.  The largest values generally occurred at the spacing of around 
L/d1=2.0, and were always negative (upward).  Features of critical spacing still existed for 
most cases in SM-Flow tests.  For the GT-Flow case, this feature weakened or disappeared. 
For each particular combination, large value of Cl always occurred in the close spacing case, 
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with roughly L/d1<3.0, and dramatic change with spacing also occurred in this spacing range.  
At spacing of L/d1>4.0~5.0, Cl became very small (within ± 0.1) and approaches zero as the 
spacing increases.  For all the tested cases, the largest value of Cl occurred when FH1 
combination tested in SM-Flow at spacing of L/d1=2.0~3.0  
7.4.4 Combined Drag Coefficients on Two-cylinder Arrangements 
Combined drag coefficients of all the combinations are shown in Figs. 7.30~7.39.  For 
the equal-diameter combinations in SM-Flow, a critical spacing could be observed at 
L/d1=3.5 ~4.0, except the combination of H2H2, which was believed to have transitioned to 
critical-regime due to the effects of surface roughness.  The combined drag coefficient 
abruptly increased to 1.5~1.6 after the critical spacing and had a slow increase with 
increasing spacing beyond that.  For the GT-Flow tests, the critical spacing became much 
less apparent when Re>5.6×104.  The combined drag coefficients first had a relatively steep 
increase in the spacing range of L/d1=1.0~4.0, and then slowly increased with L/d1 beyond 
this spacing.   
  Combined drag coefficients of unequal-diameter combinations are presented in Figs. 
7.35~7.39.  For the combination of unequal diameters, since FH1 and H1F are essentially the 
same combination tested in the opposite wind directions, comparison of Cd* between these 
two can reveal which wind direction is more critical.  The same philosophy works for GH1 
and H1G.  For all the four combinations in SM-Flow, the case with larger cylinder in the 
upstream position yielded a larger Cd* than the reverse arrangement (with larger cylinder in 
the downstream position).  However, when the flow turbulence was presented, the difference 
between the two wind directions became much less significant.  This can be explained that  
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Fig. 7.30  Cd* of FF 
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Fig. 7.32  Cd* of H1H1 
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Fig. 7.31  Cd* of GG 
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Fig. 7.33  Cd* of H2H2 
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Fig. 7.34  Cd* of H3H3 
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Fig. 7.36  Cd* of GH1 
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Fig. 7.35  Cd* of FH1 
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Fig. 7.37  Cd* of H1F
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Fig. 7.38  Cd* of H1G 
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Fig. 7.39  Cd*  of FH1 (center-leveled) 
 
both cylinders tended to behave more independently in turbulent flow and thus the order of 
arrangement mattered less. 
7.4.5 Comparison of Two Equal-diameter Cylinders with In-tandem and Staggered  
         Arrangement 
It has been reported that the wind approaching angle have a significant effects on the 
behavior of the cylinders in Narasimhan’s work (1999).  Due to the limitation of the testing 
system, vertical adjustment of the cylinder was difficult to realize and so the stagger alignment 
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could not be tested in this study.  Only one combination with a small inclination angle (11o) 
relative to the wind direction was tested.  The effects of the small approach angle can be 
evaluated by comparing this test to the in-tandem case.  The comparison of drag coefficient for 
the individual cylinders is presented in Figs.7.40~7.41, which reveals that the difference was 
apparent especially for the drag coefficient of downstream cylinder.  Comparisons of combined 
drag coefficients are also presented in Figs. 7.42 and 7.43.  In Fig. 7.42, the combined drag 
coefficient was calculated using the same projected area as the in- tandem case, that is, area of 
the single cylinder.  It was found that the small angle arrangement yielded higher combined 
drag coefficients.  Since the staggered distance should account for the real projected area, the 
combined drag coefficients were recalculated based on dp (see Fig. 7.44) and the results are 
shown in Fig. 7.43.  Based on this recalculated projected area, the two cases had little 
difference in the SM-Flow condition.  However, a good amount of difference can be observed 
between the two arrangements.  Since only one case was tested, no general conclusions can be 
achieved on the effects of the wind-approaching angle, which will require a much more 
comprehensive study.  However, this comparison did prove the significant effects of the 
relative angle of the approaching wind to the pipe rack. 
7.4.6 Comparison of Two Unequal-diameter Cylinders with Tops-leveled and Center-
leveled Arrangements 
Another comparison test was conducted with combination of FH1, which was tested as 
tops-leveled and center- leveled respectively.  As expected, the mean lift force for the center-
leveled case was close to zero, while the tops- leveled case showed relatively big values of Cl, 
especially when the two cylinders were arranged very close to each other (Figs. 7.22 and 7.23).  
Besides the difference of lift force results as expected, the drag force showed variations to the  
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Fig. 7.40  Effects of 11o Staggered Angle on Cd (GT-Flow) 
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Fig. 7.41  Effects of 11o Staggered Angle on Cd (SM-Flow) 
Effects of Wind Approaching Angle on Cd*, (A)
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Fig. 7.42  Effects of 11o Staggered Angle on Cd*  
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Effects of Wind Approaching Angle on Cd*, (B)
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Fig. 7.43  Effects of 11o Staggered Angle on Cd* , based on projected depth dp 
 
 
Fig. 7.44  Projected Area for Staggered Arrangement 
 
arrangement as well, especially for large spacing L/d1<4.0.  An interesting fact is that the 
upstream cylinder had a much lower drag coefficient for the center-leveled case at the close 
spacing of L/d1<4.0.  A similar study was conducted by Luo & Gan (1992), in which two 
unequal-diameter cylinders arranged with center- leveled with diameter ratio of 1:3 was 
tested.  This data was carefully compared with there test data and a great similarity can be 
observed.  
The combined drag coefficients for tops- leveled and center leveled FH1 are shown in 
Fig. 7.35 and Fig. 7.39 respectively.  The tops- leveled case yielded a larger Cd* for almost all 
the test spacing values.  This may indicate that the center- level arrangement is more 
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“streamlines” than the tops- leveled arrangement.  A sharp increase of Cd* can be observed 
for both cases, except that it occurred at L/d1=3.0~4.0 for tops- leveled case, while at 
L/d1=4.0~5.0 for center leveled case. 
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CHAPTER 8.  THREE CYLINDERS ARRANGED IN TANDEM 
8.1 Introduction 
As described previously, the cases become much more complicated when the number 
of cylinders is increased.  Results for arrangements of three or more cylinders in tandem from 
the literature become very limited.  In Narasimhan’s work, six combinations with equal-
diameter cylinders in tandem or unequal-diameter cylinder with tops- leveled were tested.  All 
of these tests were conducted in smooth flow condition.  In this study, three-cylinder 
combinations were further investigated, in both SM-Flow and GT-Flow.  The equal-diameter 
combinations were tested in a higher Reynolds number range compared to Narasimhan’s 
work, and unequal-diameter combinations with different features were selected as well so 
that further insights can be achieved to the three-cylinder flow.  These tests will be presented 
in this chapter. 
8.2 Experiment Description 
Models with three different sizes were used for the three-cylinder tests in this study, F, 
G and H1 respectively.  No cylinder with rough surfaces was used for this arrangement.  
There are totally 18 possible combinations for three-cylinder arrangements.  Seven 
combinations were chosen carefully, two for the equa l-diameter case and five for unequal-
diameter case.  For each combination, either equal-diameter or unequal-diameter, were lined 
up with equal spacing from center to center (Fig. 8.1).  
Three categories of tests can be classified according to the features of the combinations.  
The details of each combination are presented in Table 8.1.  Category A includes 
combination FFF and GGG.  This category corresponds to the equal diameter combinations.  
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The centers of the cylinders were aligned parallel to the wind direction for these two 
combinations.  Category B and Category C feature unequal diameter combinations.  All of 
these unequal-diameter combinations were tested as tops-leveled combinations.  Category B 
features three combinations consisting of the same three cylinders, one larger cylinder H1 and 
two identical ones of smaller size, F.  H1 was located at the upstream, middle and 
downstream positions of the cylinder line respectively for the three different combinations.  
Among them, H1FF and FFH1 represent the same combination at different wind directions.  
Since FH1F is a symmetric configuration with respect to the wind direction, it automatically 
represents cases in both wind directions.  Category C features a pair of combinations with 
three cylinders with increasing or decreasing diameter, FGH1 and H1GF.  Similar to the 
above, these two essentially stand for same cylinders array immersed in the opposite wind 
directions. 
 
Fig. 8.1  Three-cylinder Arrangements 
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Table 8.1 Configuration of Three-Cylinder Experiments 
Re (104) (2) 
Category I.D 
Diameter 
Ratio (1) 
Schematic Sketch GT-
Flow 
SM-
Flow 
FFF 1:1:1  
4.0 4.2 
A 
GGG 1:1:1 
 
5.9 6.3 
H1FF 
2:1:1 
 
8.0 8.4 
FH1F 
1:2:1 
 
8.0 8.4 
B 
FFH1 
1:1:2 
 
8.0 8.4 
FGH1 
1:1.5:2 
 
8.0 8.4 
C 
H1GF 
2:1.5:1 
 
8.0 8.4 
Note: (1) In the order of upstream-to-downstream 
 (2) Re* was based on the maximum test velocity and largest diameter among the 
combination 
 
8.3 Experimental Results Discussion and Analysis 
Drag and lift coefficients as well as the combined drag coefficients were measured and 
calculated for each combination.  The results can be found in Appendix D.  The plots of these 
interested parameters are presented in the Figs 8.2~8.32.  An index of all the presented 
figures corresponding to each combination can be found in Table 8.2. 
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Table 8.2 Index of Figures for Three-cylinder Experimental Results 
Individual Cylinders  
GT-Flow SM-Flow 
Combination Combination 
ID 
Cd Cl Cd Cl Cd* 
FFF Fig. 8.2 N.A Fig. 8.3 N.A. Fig. 8.26 
GGG Fig. 8.4 N.A Fig. 8.5 N.A Fig. 8.27 
FFH1 Fig. 8.6 Fig. 8.16 Fig. 8.7 Fig. 8.17 Fig. 8.28 
FH1F Fig. 8.8 Fig. 8.18 Fig. 8.9 Fig. 8.19 Fig. 8.29 
H1FF Fig. 8.10 Fig. 8.20 Fig. 8.11 Fig. 8.21 Fig. 8.30 
FGH1 Fig. 8.12 Fig. 8.22 Fig. 8.13 Fig. 8.23 Fig. 8.31 
H1GF Fig. 8.14 Fig. 8.24 Fig. 8.15 Fig. 8.25 Fig. 8.32 
 
 
8.3.1 Drag Coefficient for Equal-diameter Combinations  
Two combinations, FFF, and GGG were tested for the equa l-diameter case.  These 
two combinations with different cylinder sizes were selected to cover a higher Reynolds 
number as well as a broader spacing range.  The spacing L/d ranged from 2.0 to 7.0 for FFF 
and from 1.5 to 5.0 for GGG respectively.  The drag coefficients for each individual cylinder 
in the combination are presented in Figs. 8.2~8.5.   
For the upstream and middle cylinders, the variations of Cd with spacing were very 
similar to the two-cylinder case.  A critical spacing was identified at L/d=3.5~4.0 for SM-
Flow case, where a sharp increase occurred for both the first and the second cylinder.  This 
step change became less apparent when the flow turbulence was introduced.  
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Fig. 8.2  Cd for FFF in GT-Flow 
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Fig. 8.4  Cd for GGG in GT-Flow 
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Fig. 8.3  Cd for FFF in SM-Flow 
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Fig. 8.5  Cd for GGG in SM-Flow 
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Fig. 8.6  Cd for FFH1 in GT-Flow 
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Fig. 8.8  Cd for FH1F in GT-Flow 
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Fig. 8.7  Cd for FFH1 in SM-Flow 
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Fig. 8.9  Cd for FH1F in SM-Flow 
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Fig. 8.10  Cd for H1FF in GT-Flow 
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Fig. 8.12  Cd for H1GF in GT-Flow 
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Fig. 8.11  Cd for H1FF in SM-Flow 
Cd, H1GF,  SM-Flow
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1 2 3 4 5 6 7 8
L/d1
C
d
1st, Re=5.8E+04
1st, Re=8.5E+04
2nd, Re=4.2E+04
2nd, Re=6.2E+04
3rd, Re=2.8E+04
3rd, Re=4.2E+04
 
Fig. 8.13  Cd for H1GF in SM-Flow 
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Fig. 8.14  Cd for FGH1 in GT-Flow 
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Fig. 8.16  Cl for FFH1 in GT-Flow 
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Fig. 8.15  Cd for FGH1 in SM-Flow 
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Fig. 8.17  Cl for FFH1 in SM-Flow 
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Fig. 8.18  Cl for FH1F in GT-Flow 
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Fig. 8.20  Cl for H1FF in GT-Flow 
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Fig. 8.19  Cl for FH1F in SM-Flow 
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Fig. 8.21  Cl for H1FF in SM-Flow 
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Fig. 8.22  Cl for H1GF in GT-Flow 
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Fig. 8.24  Cl for FGH1 in GT-Flow 
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Fig. 8.23  Cl for H1GF in SM-Flow 
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Fig. 8.25  Cl for FGH1 in SM-Flow 
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Fig. 8.26  Cd* for FFF  
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Fig. 8.28  Cd* for FFH1 
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Fig. 8.27  Cd* for GGG 
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Fig. 8.29  Cd* for FH1F 
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Fig. 8.30  Cd* for H1FF 
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Fig. 8.32  Cd* for FGH1 
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Fig. 8.31  Cd* for H1GF 
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For smaller spacings (L/d=1.5~3.5), the second cylinder experienced negative drag (i.e., 
the force on the cylinder was in the upstream direction).  For the downstream cylinder 
(indicated as 3rd on the figures), the drag coefficients approached a value of 0.4 for all the 
tested cases at L/d=4.0, and then increased slightly beyond this spacing.  In smooth flow, a 
sharp change occurred at the same spacing where Cd of first and second cylinder had a sharp 
increase (L/d=3.5~4.0), except that it dropped at the critical spacing instead of increased for 
the upstream ones.  For all the tested cases, the first cylinder always had a largest value, 
while the second had the smallest for L/d<4.0.  Beyond the spacing of L/d=4.0, Cd for the 
second and the third cylinder approached the same value of roughly 0.4 and the first cylinder 
approached its single-cylinder value at the same Re and flow condition, that is, 0.8~0.9.  
Comparison of GGG combination tested in GT-Flow and in SM-Flow showed a trend of 
beginning transition from sub-critical regime to the critical-regime.  From all the facts that 
occurred to the two-cylinder cases, it is rational to judge that the Reynolds number for all 
these three-cylinder combinations tests was still in the sub-critical range.  Further transition 
to critical regime would occur at a higher Reynolds number, which featured a trend that Cd of 
all the three cylinders approached to the same value at large spacings.  
8.3.2 Drag Coefficients for Unequal-diameter Combinations  
Five unequal-diameter combinations were tested for three-cylinder arrangements.  All 
were arranged as tops- leveled.  The drag coefficients of the individual cylinders vs. L/d1 for 
each combination are presented in Figs. 8.6~8.15. 
Review of all these test cases revealed some common trends:  a) the upstream cylinder 
experienced the largest Cd for all the cases, and middle cylinder experienced the smallest Cd 
for most cases; b)  at the spacing of L/d1>5.0 ( L/d1>7.0 for combination of H1FF and H1GF 
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instead), Cd of all the three cylinders became relatively constant or tended to slightly 
increase, with Cd of second cylinder and third cylinder approaching to the same value of 
0.4~0.45, and Cd of the first cylinder approaching its single cylinder value at the same Re and 
flow conditions.  
A critical spacing could still be identified for most combinations in SM-Flow cases that 
featured a kink or sharp change of Cd vs. L/d1.  However, this feature faded or even 
disappeared in GT-Flow.  It is interesting to note that critical spacing even happened twice 
for some combinations in SM-Flow, for example, FFH1 (Fig. 8.7) H1FF (Fig.8.11) and 
FGH1 (Fig. 8.15).  The fist critical spacing occurred at L/d1=2.0~2.5, and the second at 
L/d1=3.5~4.0.  
Comparisons also reveal that the order of the cylinder in the pipe rack significantly 
affected the behavior for each cylinder.  This will further be explained in the discussion of 
combined drag coefficient for the combinations. 
8.3.3 Lift Coefficients for Unequal-diameter Combinations  
Plots of lift coefficients relative to L/d1 for the five unequal-diameter combinations can 
be found in Figs. 8.16~8.25.  For SM-Flow tests, a general trend of lift coefficient was that 
the maximum value always occurred for the largest cylinder among the combination at close 
spacings (L/d1<3.0~4.0), either when it was located in the upstream, the middle or the 
downstream position.  For the combinations with the largest cylinder in the front, H1FF (Fig. 
8.21) and H1GF (Fig. 8.23) for example, all of the cylinders in the combination tended to 
have small lift coefficients (Cl= 0.2) for all spacings tested.  The largest lift coefficient 
occurred at the middle cylinder in the combination FH1F, with a value of around -1.4 (Fig. 
8.19). 
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It is interesting to note that flow turbulence tends to change the interactions between the 
first two cylinders in the cross flow direction when the cylinders are spaced closely.  For 
example, for combinations of FH1F, H1FF, and H1GF, (Figs. 8.18~8.23), at spacings of 
L/d1=2.0, it dramatically changed the lift coefficient for both the first two cylinders.  In 
general, the maximum lift coefficient dropped when the flow turbulence presented for the 
combinations with smaller cylinder in the upstream position.  However, the flow turbulence 
tended to increase the maximum lift coefficients for combinations with larger cylinder in the 
upstream position.  For all the tested cases, the lift coefficients dropped quickly to a small 
value of ± 0.2 when the spacing reached the range of L/d1>4.0~5.0. 
8.3.4 Combined Drag Coefficients for Three-cylinder Combinations  
Plots of the combined drag coefficient for all the tested combinations can be found in 
Figs. 8.26 to 8.32.  For all the combinations tested in GT-Flow cases, Cd* increased with 
increasing L/d1.   
At the spacing of L/d1=7.0, Cd* approached a value of roughly 2.0 for equal-diameter 
combinations and a value of around 1.3 for unequal-diameter combinations.  For the 
combinations tested in SM-Flow, the two combinations with larger cylinder in the upstream 
position, H1FF and H1GF, showed a big difference comparing to its GT-Flow case (Fig. 
8.30 and 8.31).  The variations of Cd* for these two cases is significant and still showed a 
strong increasing trend even at L/d1=7.0.  This can be explained that the wake of the 
upstream cylinder was proportional to its diameter, and hence the ratio of L/duc should be 
used as a more appropriate parameter when compared to the other cases. 
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CHAPTER 9.  FOUR CYLINDERS ARRANGED IN TANDEM 
9.1 Introduction 
  Since the chance of the pipe racks for the industrial applications having a series of 
four or more pipes is prevailing, it is always helpful to have the experimental data available 
for the pipe racks with more pipe models.  No data was discovered in the literature on four-
cylinder arrangement test except for the preceding work conducted by Narasimhan (1999).  
Six combinations including two different cylinder sizes were tested in smooth flow in his 
study.  The highest Reynolds number tested was 8×104, and the largest spacing tested was 
L/d1=8.0.  In this study, four-cylinder combinations composed by cylinders of three different 
sizes were tested in both SM-Flow and GT-Flow.  The furthest spacing was L/d1=5.0.  These 
experiments will validate some test results from Narasimhan, and more importantly, will 
provide further insights on the wind force characteristics on four-cylinder arrangements as 
well.  
9.2 Experiment Description 
Similar to three-cylinder arrangements, three sizes of smooth cylinders were used to 
compose four-cylinder arrangements.  There are totally 72 possible combinations for four 
cylinders.  However, it is neither practical nor necessary to test all of the combinations.  
Among them, seven combinations were chosen and tested.  The philosophy of choosing these 
combinations was based on the envelope shape composed by the cylinders.  For the industrial 
pipe racks, the chance of having exactly the same cylinder constitution at the same order, or 
even proportionally the same, is extremely small.  In addition, even if there are the identical 
cases as the tested combination, it is not practical to identify the combination when designing 
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or analyzing these pipe racks.  However, the conclusions based on the features of the 
envelope shapes can be extended to much broader situations.  For instance, combinations of 
H1GGF and FGGH1 feature the envelope shape with decreasing or increasing diameters 
along one direction.  Thus, the analysis of experimental results from these combinations can 
provide valuable insights to all these cylinder arrangements with the same feature, which 
may have different diameters, diameter ratios and even more or less cylinders.  
Based on the envelope shape, three categories can be classified for the four-cylinder 
arrangement experiments.  A brief description of these experiments can be found in Table 
9.1.  Category A features the equal-diameter combination.  Combination FFFF was chosen 
for this case, which was composed of the four smallest cylinders.  The intention of using 
small cylinder is to allow testing of larger L/d1 ratios since the total maximum travel distance 
is limited by the system.  This, however, sacrifices results corresponding to a higher 
Reynolds number.  Category B includes a pair of combinations,   H1GGF and FGGH1, with 
decreasing diameters and increasing diameters respectively.  Alternatively, they can be 
considered as one combination tested in two wind directions.  Category C includes four 
combinations.  Each are composed of two large cylinders, H1 and two small cylinders, F.  
The four combinations feature four different arrangement orders of the same four different 
cylinders, with two large cylinders at the two ends, in the middle, and interlaced by the two 
small ones.  
9.3 Calibration of Digital Air Pressure Meter 
For tests of one-, two- or three-cylinder arrangements, the outputs of pressure 
transducer and load cells were integrated to the data acquisition board through its 16 
channels.  However, for four-cylinder arrangement tests, all 16 channels were occupied by 16  
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Table 9.1  Configuration of Four-cylinder Experiments 
Re* (1) (104) Test 
Category 
I.D Diameter 
Ratio 
Schematic Sketch GT-
Flow 
SM-
Flow 
A FFFF 1:1:1:1  4.0 4.2 
FGGH1 1:1.5:1.5:2 
 
8.0 8.4 
B 
H1GGF 2:1.5:1.5:1 
 8.0 8.4 
H1FFH1 2:1:1:2 
 
8.0 8.4 
FH1H1F 1:2:2:1 
 
8.0 8.4 
FH1FH1 1:2:1:2 
 
8.0 8.4 
C 
H1FH1F 2:1:2:1 
 
8.0 8.4 
Note: (1) Re* was calculated based on the maximum velocity and the largest diameter 
among the combination 
 
load cells.  There was no extra channel for the pressure transducer.  A digital air pressure 
meter was used in this case, manufactured by OMEGA Engineering, INC.  The model 
number is HHP2023.  The highest resolution for the digital air pressure meter is 0.1 mm-
water.   
To assure the measurements from the digital air pressure meter were comparable to 
those from the pressure transducer, a comparison test was conducted.  The test was realized 
by connecting both the pressure transducer and the digital air pressure meter to the pitot-tube 
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probe.  The results from these two devices were recorded simultaneously at three different 
velocities, with three readings for each velocity.  The results are shown in Table 9.2.  From 
the comparison, it can be observed that the differences between the results from the two 
devices were all within 0.1 mm-water.  The lowest velocity setting used in the production test 
is U2 (Table 9.2), which was found to have the largest percentage difference.  From the table, 
we can estimate the potential difference of the dynamic pressure measurements between 
these two devices were approximately 3.0% for SM-Flow and 4.0 % for GT-Flow at the 
worst case.  Had this worse case occurred, the same percentage of difference would occur to 
the reported value of Cd or Cl for the four-cylinder combinations.  At the full wind speed, the 
percentages decreased to 1.4% for SM-Flow and 0.8% for GT-Flow. 
Table 9.2  Calibration of Digital Manometer 
SM-Flow GT-Flow 
Pressure 
Transducer 
Digital Air 
Pressure Meter 
Pressure 
Transducer 
Digital Air 
Pressure Meter 
Velocity 
Setting 
H (mm Water) H (mm-Water) H (mm-Water) H (mm-Water) 
1.87 1.9 1.67 1.6 
1.89 1.9 1.63 1.6 U1 
1.88 1.8 1.70 1.6 
3.38 3.3 3.07 3.0 
3.40 3.3 3.02 2.9 U2 
3.37 3.3 3.00 2.9 
5.39 5.3 4.85 4.8 
5.40 5.3 4.84 4.8 U3 
5.39 5.3 4.81 4.8 
7.36 7.3 6.28 6.3 
7.40 7.3 6.35 6.3 U4 
7.37 7.4 6.34 6.3 
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9.4 Discussion of the Experimental Results 
The drag coefficients, lift coefficients and the combined drag coefficients are 
summarized in Appendix D.  Plots of these parameters are presented in the Figs. 9.1~9.33.  
An index of these figures for each combination can found in Table 9.3.   
Table 9.3  Index of Figures for Four-cylinder Experiments 
Individual Cylinders  
GT-Flow SM-Flow 
Combination Combination 
ID 
Cd Cl Cd Cl Cd* 
FFFF Fig. 9.1 N.A Fig. 9.2 N.A. Fig. 9.27 
H1FH1F Fig. 9.3 Fig. 9.15 Fig. 9.4 Fig. 9.16 Fig. 9.28 
H1FFH1 Fig. 9.5 Fig. 9.17 Fig. 9.6 Fig. 9.18 Fig. 9.29 
FH1FH1 Fig. 9.7 Fig. 9.19 Fig. 9.8 Fig. 9.20 Fig. 9.30 
FH1H1F Fig. 9.9 Fig. 9.21 Fig. 9.10 Fig. 9.22 Fig. 9.31 
H1GGF  Fig. 9.11 Fig. 9.23 Fig. 9.12 Fig. 9.24 Fig. 9.32 
FGGH1 Fig. 9.13 Fig. 9.25 Fig. 9.14 Fig. 9.26 Fig. 9.33 
 
9.4.1 Drag Coefficients for Equal-diameter Cylinders  
Only one Equal-diameter combination FFFF was tested for the four-cylinder 
arrangement.  The drag coefficients of each individual cylinder are presented in Fig. 9.1 and 
Fig. 9.2 for GT-Flow and SM-Flow respectively.  Comparing these data to that of FFF 
combination tests, almost the same behaviors occurred to the first three cylinders.  A minor 
difference happened to the third cylinder at close spacing of L/d1=2.0~3.0.  The third cylinder 
for the four-cylinder arrangement possessed a slightly lower value than the three-cylinder 
case, for both GT-Flow test and SM-Flow test.  This is a reasonable trend since the fourth 
cylinder will have some interference on it when they are relatively close.  For the fourth  
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Fig. 9.1  Cd for FFFF in GT-Flow 
Cd, H1FH1F, GT-Flow
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
L/d1
C
d
1st, Re=5.4E+04 1st, Re=8.0E+04
2nd, Re=2.6E+04 2nd, Re=4.0E+04
3rd, Re=5.4E+04 3rd, Re=8.0E+04
4th, Re=2.6E+04 4th, Re=4.0E+04
 
Fig. 9.3  Cd for H1FH1F in GT-Flow 
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Fig. 9.2  Cd for FFFF in SM-Flow 
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Fig. 9.4  Cd for H1FH1F in SM-Flow 
 130 
Cd, H1FFH1, GT-Flow
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Fig. 9.5  Cd for H1FFH1 in GT-Flow 
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Fig. 9.7  Cd for FH1FH1 in GT-Flow 
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Fig. 9.6  Cd for H1FFH1 in SM-Flow 
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Fig. 9.8  Cd for FH1FH1 in SM-Flow 
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Cd, FH1H1F, GT-Flow
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Fig. 9.9  Cd for FH1H1F in GT-Flow 
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Fig. 9.11  Cd for H1GGF in GT-Flow 
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Fig. 9.10  Cd for FH1H1F in SM-Flow 
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Fig. 9.12  Cd for H1GGF in SM-Flow 
 132 
Cd, FGGH1, GT-Flow
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Fig. 9.13  Cd for FGGH1 in GT-Flow 
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Fig. 9.15  Cl for H1FH1F in GT-Flow 
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Fig. 9.14  Cd for FGGH1 in SM-Flow 
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Fig. 9.16  Cl for H1FH1F in SM-Flow 
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Cl,  H1FFH1, GT-Flow
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Fig. 9.17  Cl for H1FFH1 in GT-Flow 
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Fig. 9.19  Cl for FH1FH1 in GT-Flow 
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Fig. 9.18  Cl for H1FFH1 in SM-Flow 
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Fig. 9.20  Cl for FH1FH1 in SM-Flow 
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Fig. 9.21  Cl for FH1H1F in GT-Flow 
Cl,  H1GGF, GT-Flow
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Fig. 9.23  Cl for H1GGF in GT-Flow 
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Fig. 9.22  Cl for FH1H1F in SM-Flow 
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Fig. 9.24   Cl for H1GGF in SM-Flow 
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Fig. 9.25  Cl for FGGH1 in SM-Flow 
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Fig. 9.27  Combined Drag Coefficients for FFFF 
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Fig. 9.26  Cl for FGGH1 in GT-Flow 
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Fig. 9.28  Combined Drag Coefficients for H1FH1F 
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Fig. 9.29  Combined Drag Coefficients for H1FFH1 
Cd*, FH1H1F
0.5
0.7
0.9
1.1
1.3
1.5
1.7
1.9
2.1
2.3
2.5
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
L/d1
C
d*
 Re*=5.4E+04, GT-Flow
 Re*=8.0E+04, GT-Flow
 Re*=5.7E+04, SM-Flow
 Re*=8.4E+04, SM-Flow
 
Fig. 9.31  Combined Drag Coefficients for FH1H1F 
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Fig. 9.30  Combined Drag Coefficients for FH1FH1 
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Fig. 9.32  Combined Drag Coefficients for H1GGF
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9.33  Combined Drag Coefficient of FGGH1 
 
cylinder, the magnitude of Cd approached the same value as that of the second and the third 
cylinders for spacings of L/d1=4.0.  An interesting effect of flow turbulence was noted that it 
promoted the critical spacing to L/d=3.0~3.5 from L/d=3.5~4.0 for the SM-Flow case, and the 
critical spacing feature was less apparent for the GT-Flow case. 
9.4.2 Drag coefficients for Unequal-diameter Combinations  
In Figs. 9.3~9.14, the drag coefficients for the individual cylinders for each combination 
were presented.  In turbulent flow, the critical spacing, which was usually identified from a kink 
of the Cd variation vs. L/d1, could hardly be found except for one case, FGGH1.  The Cd of the 
first cylinder still showed little effects from the downstream cylinders and it behaved just like the 
single cylinder especially when the flow turbulence was presented.  Comparison of FH1FH1 
(Figs. 9.7 and 9.8) to FH1F (Figs. 8.8 and 8.9) and comparison of H1FFH1 (Figs. 9.5 and 9.6) to 
H1FF (Figs. 8.10 and 8.11) revealed the effects of the fourth cylinder.  Both four-cylinder 
combinations had an additional big cylinder based on the corresponding three-cylinder 
combination.  The comparisons show that the fourth cylinder only had a small effect on its 
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adjacent cylinder (the third one) regarding the drag coefficient, and this effect was further 
weakened by the presence of flow turbulence. 
 
9.4.3 Lift Coefficients for Unequal-diameter Combinations  
In Figs. 9.16~9.26, the plots of lift coefficient vs. L/d1 are presented for all the unequal-
diameter combinations.  It can be noted that the relative size of first two cylinders dominate the 
features of lift coefficients among the combination.  The maximum values occurred to the first or 
second cylinder at the spacing of L/d1<3.0~4.0 for most of test cases.  The same combination 
tested in the SM-Flow was apt to have larger lift coefficients than the GT-Flow case when the 
smaller cylinder was located in the upstream position.  This can be observed from Fig. 9.20 (for 
combination FH1FH1), Fig. 9.22 (for combination FH1H1F) and Fig. 9.26 (for combination 
FGGH1).  For all these three cases, the maximum lift force occurred to the second cylinder at 
spacing of L/d1=2.0~2.5.  The lift coefficients for all the other three cylinders were relatively 
small (in the range of ±0.1).  The maximum value tended to be larger when difference between 
the sizes of the first two cylinders is larger.  The combination with the larger cylinder in the 
upstream position tended to yield a very small lift coefficient for all the four cylinders, for 
instance, the combinations of H1FH1F (Fig. 9.16), H1FFH1 (Fig. 9.18) and H1GGF (Fig. 
9.24).  The maximum magnitudes for all these three combinations were approximately ± 0.2 or 
less for all the spacing values.   
There was a significant change of lift coefficients when turbulent flow was presented.  
The behavior of the lift coefficients showed some dependence on the Reynolds number for the 
GT-Flow cases, which was not found in SM-Flow case.  The relative size of the first two 
cylinders still dominates the variations of the lift coefficients.  When the larger cylinder was 
located in the front, the lift coefficients were much larger than the SM-Flow case for either the 
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first or the second cylinder, which may alter depending on the Reynolds number (Fig 9.15 and 
Fig. 9.17).  When the small cylinder was located in the front of the combination, the high lift 
coefficients usually occurred to both the first and the second cylinder, in an opposite sign, 
instead of only occurring to the second cylinder for the SM-Flow case. 
9.4.4 Combined Drag Coefficient of Four-cylinder Arrangement  
The combined drag coefficients for the tested four-cylinder combinations are presented in 
Figs. 9.27~9.33.  A comparison of FFFF (Fig. 9.27) to FFF (Fig. 8.26) shows that the 
additional cylinder (the fourth cylinder) contributes to a larger combined drag coefficient.  With 
the increasing the spacing, the contribution of the fourth cylinder to the combined drag is more 
significant since the shielding effect of the upstream cylinders was getting weaker.  This trend 
was observed in Narasimhan’s work as well, where he reported a combined drag coefficient 
value of 2.5 for four-cylinder compared to 1.9 for three-cylinder at the spacing of L/d1=8.  
 Similar to the effects to the lift coefficient, the relative size of the first two cylinders 
dominate the behavior of the combined drag coefficient as well.  For the combinations with 
larger cylinder located in the upstream position, flow turbulence tends to play an important role 
on the variations of combined drag coefficient vs. L/d1.  The difference between the GT-Flow 
case and the SM-Flow case can be exemplified by combination H1FH1F (Fig. 9.28).  The 
combined drag coefficient tends to increase smoothly with the increasing spacing for the GT-
Flow case.  However, Cd* varied with L/d1 in a waving manner for SM-Flow case.  The same 
trend was observed for combinations H1FFH1 and H1GGF in Fig. 9.29 and Fig.9.32 
respectively.  In contrast, the combined drag coefficients showed very similar behavior for cases 
SM-Flow and GT-Flow for combinations with smaller cylinders in the front (Figs. 9.30 and 
9.31).   
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Another observed trend about the combined drag coefficient is that the combinations with 
larger cylinder in the upstream position tended to have a larger Cd*  in the tested spacing range.  
This is revealed by the comparison of H1GGF (Fig. 9.32) and FGGH1 (Fig. 9.33).  For the SM-
Flow case, Cd*  varied from 0.8 to 1.8 for the spacing range of L/d1=2.0~5.0 at Re=5.4×104 for 
combination H1GGF, while the value was only from 0.7~1.3 at the similar Reynolds number for 
combination FGGH1.  The conclusion can be verified from comparison of H1FH1F to FH1FH1.  
Based on this observation, we can conclude that the wind direction would be more critical when 
the pipe rack is oriented with the larger cylinder in the upstream position than the opposite case. 
 
9.5 Review of Combined Drag Coefficient for Two -, Three- and Four-cylinder Experiments 
The combined drag coefficient for all of the combinations is comprehensively reviewed in 
this section.  Fig. 9.34 and Fig. 9.35 present the combined drag coefficient for 17 combinations 
tested in GT-Flow and SM-Flow respectively, at the maximum wind velocity.  These 17 
combinations include two equal-diameter two-cylinder combinations and 15 unequal-diameter 
combinations.  All the unequal-diameter combinations presented are the tops-leveled case.  The 
Reynolds number corresponding to the largest cylinder among the combination is 8.0×104 for 
GT-Flow and 8.4×104 for SM-Flow.  The combined drag coefficients are plotted vs. L/d1, where 
“d1” refers to the diameter of smallest cylinder.  For the two equal-diameter combinations (i.e., 
H1H1 and H2H2), d1 refers to the diameter of F cylinder for the convenience of comparison.  The 
combinations can be easily grouped into three categories, i.e. two-cylinder, three-cylinder and 
four-cylinder, by the span of tested spacings.  The combinations with fewer cylinders had larger 
spacing span because the maximum travel distance was limited in the same range by the 
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experiment system.  This feature and the definition of d1 apply to other similar figures (i.e. Fig. 
9.35, 10.25 and 10.26) as well. 
For the GT-Flow case, in the spacing range of L/d=2.0~5.0, Cd* of most combinations 
showed a trend of quickly increasing with the increasing spacing.  The maximum envelop can 
are all defined by the four-cylinder combinations and can be roughly expressed as a linear 
increase from 0.9 at L/d=2.0 to 1.5 at L/d=5.0, and a linear increase from 0.5 at L/d=2.0 to 0.9 at 
L/d=5.0 for the minimum envelop.  In the spacing range of L/d>5.0, only two and three-cylinder 
experiment results are available.  In general, the three-cylinder combinations have larger values 
than two-cylinder case.   
For SM-Flow case, combined drag coefficient for all these combinations shows a much 
larger variation than the GT-Flow case, especially in the spacing range of L/d=2.0~7.0.  In 
addition, the maximum envelop for SM-Flow case is significantly larger than the GT-Flow case.  
This large variation in is believed to relate to the critical transition of flow pattern in this 
Reynolds number range.   
Comparing the combined drag coefficient to the drag coefficient of the single cylinder with 
the largest diameter, it is interesting to find that the combined drag coefficients are even much 
lower than the single cylinder drag coefficient for many cases in the SM-Flow case (Cd=1.23 for 
H1 cylinder tested in SM-Flow case), especially at close spacings.  For the GT-Flow case, only 
very few cases exhibited this trend (Cd=0.75 for H1 cylinder tested in GT-Flow case).
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Fig. 9.34  Review of Combined Drag Coefficients for Two-, Three- and Four-cylinder Experiments in GT-Flow, Re=8.0×104 
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Fig. 9.35  Review of Combined Drag Coefficient- for Two-, Three- and Four-cylinder Experiments in SM-Flow, Re=8.4×104 
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CHAPTER 10.  FORCE RATIOS AND DESIGN RECOMMENDATIONS 
10.1 Definition of Force Ratio 
To evaluate the ratio of the wind force experienced by the entire cylinder group to the 
force that experienced by the same cylinders when they are stand-alone, the concept of force 
ratio was introduced by Narasimhan (1999).  It was defined as “the ratio of sum of actual 
drag force experienced by the individual cylinders in the configuration to the sum of forces 
expected on each individual cylinder without any interference effects” (Eq.10-1).  The force 
ratio essentially evaluates the shielding and interference effects between the cylinders.  
idi
i
AC
D
F å
å
×=
*     (i=1, 2… n)  (Eq.10-1) 
where:  
Di is the drag force on the individual cylinder in the multiple-cylinder combination 
Cdi is the drag coefficient of the single, isolated cylinder at the same Reynolds number 
and flow condition 
Ai is the projected area of the single, isolated cylinder normal to the mean flow 
direction 
10.2 Force Ratios for Two -, Three- and Four-cylinder Arrangements 
The force ratios for all of combinations that were tested are presented in Figs. 
10.1~10.24, with both SM-Flow case and GT-Flow case for each combination.  By the 
definition, a larger force ratio implies less shielding between the cylinders.  Theoretically, the 
force ratio should approach 1.0 as the spacing between the cylinders becomes large enough, 
where the cylinder group acts the same as a series of isolated cylinders.   
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Fig. 10.1  Force Ratio of Combination FF 
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Fig. 10.2  Force Ratio of Combination GG 
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Fig. 10.3  Force Ratio of Combination H1H1 
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Fig. 10.4  Force Ratio of Combination H2H2 
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Fig. 10.5  Force Ratio of Combination H3H3 
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Fig. 10.6  Force Ratio of Combination FH1 
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Fig. 10.7  Force Ratio of Combination H1G 
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Fig. 10.8  Force Ratio of Combination GH1 
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Fig. 10.9  Force Ratio of Combination H1F 
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Fig. 10.10  Force Ratio of Combination FH1 
(Center- leveled) 
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Fig.10.11  Force Ratio of Combination FFF  
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Fig. 10.12  Force Ratio of Combination GGG 
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Fig. 10.13  Force Ratio of Combination FFH1 
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Fig. 10.14  Force Ratio of Combination FH1F 
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Fig. 10.15  Force Ratio of Combination H1FF 
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Fig. 10.16  Force Ratio of Combination H1GF 
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Fig. 10.17  Force Ratio of Combination FGH1 
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Fig. 10.18  Force Ratio of Combination FFFF 
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Fig. 10.19  Force Ratio of Combination H1FH1F 
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Fig. 10.20  Force Ratio of Combination H1FFH1 
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Fig. 10.21  Force Ratio of Combination FH1FH1 
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Fig. 10.22  Force Ratio of Combination FH1H1F 
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Fig. 10.23  Force Ratio of Combination H1GGF 
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Fig. 10.24  Force Ratio of Combination FGGH1
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A review of force ratios for most of the tested combinations is presented in Fig. 10.25 and 
Fig. 10.26, for the GT-Flow case and the SM-Flow case respectively.  Similar to the review of 
combined drag coefficients, force ratios of 17 combinations are shown as plots of F* vs. L/d1 at 
the Reynolds number of 8.0×104 for GT-Flow and 8.4×104 for SM-Flow.  
For GT-Flow case, three levels of the force ratio can be clearly identified and each level 
corresponds to the number of cylinders of the combination.  Since the natural wind is highly 
turbulent, this finding is very helpful to the design practice and will be discussed in the following 
section.  The force ratio tended to decrease as the number of cylinders increased.  For most two-
cylinder combinations, the force ratio tended to approach 1.0 as the spacing became large 
(L/d1>14).  In the tested spacing range of L/ d1<5.0 for four-cylinder arrangements, the values of 
F* increased from around 0.3 at L/ d1=2.0 to 0.5 at L/ d1=5.0.  F* values for three-cylinder 
arrangements increased from around 0.4 to 0.58 for the same two spacings.  Force ratios for two-
cylinder combinations exhibited similar trends over the same spacing range but showed a wider 
variation than three- and four-cylinder cases.  F* values ranged from 0.4~0.65 at L/ d1 =2.0, and 
increased to a range of 0.67~0.75 for L/ d1 =5.0. 
For the SM-Flow case, although the force ratios tended to increase with the spacing 
increased, the trend was not as consistent as the GT-Flow case in the spacing range of 2.0< L/ d1 
<6.0 due to the dramatic variations from combination to combination. 
10.3 Comparison of Data from Subcritical Reynolds Number to Supercritical Reynolds 
Number 
To evaluate the applicability of the current experiments to real applications which typically 
fall in the supercritical Reynolds number range, a comparison of the drag coefficients and force 
ratios at various Reynolds number and turbulence intensity is presented for two equal-diameter 
cylinders arranged in tandem case using the current experiment data and the data from Gu’s  
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Fig. 10.25  Review of Force Ratios for Two-, Three- and Four-cylinder Combinations in GT-Flow, Re=8.0×104 
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Fig. 10.26  Review of Force Ratios for Two-, Three- and Four-cylinder Experiments in SM-Flow, Re=8.4×104
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study (Gu et al, 1993).  The experiments by Gu et al were conducted at a supercritical Reynolds 
number (Re=6.5×105) and higher turbulence intensity (Iu=10%), which can appropriately 
represent the conditions of real applications.  The data sets from the current experiments are for 
the two equal-diameter combinations at different Reynolds numbers and flow conditions, as 
well as various surface roughnesses.  Figs. 10.27 and 10.28 present a comparison of the drag 
coefficients for the upstream cylinder and downstream cylinder for all these cases respectively.  
The comparison of force ratios is shown in Fig. 10.29.  From these comparisons, it can be 
observed that the current experiments in turbulent flow condition at the highest tested Reynolds 
number reasonably predicted the behaviors of these coefficients corresponding to the 
supercritical Reynolds number.   
For the drag coefficients, the values for smooth cylinders in GT-Flow from the current 
study were approximately 0.1 higher than the values from supercritical Reynolds number along 
all of the tested spacings, for both the upstream and the downstream cylinder.  This can be 
explained as the further decrease of Cd when the Reynolds number is in the supercritical region.  
Fig. 10.30 presents the variations force ratios vs. Re.  From the figure, it can be observed that 
the data from the current study and the data reported by Gu, et al. (1993) show a reasonable 
match in the trend.  
For the force ratios, the values corresponding to the supercritical regime is approximately 
15% higher than the smooth cylinders tested in GT-Flow case at Re=8.0×104 in the current 
study for the spacings of L/d1=2.0.  At the closer spacings, the force ratios from the current 
study predicted values close to that of supercritical Reynolds number. 
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Fig. 10.27  Comparison of Cd of Upstream Cylinder for Two Equal-diameter Cylinders 
Arranged in Tandem at Different Re and Turbulence Intensities 
 
 
Downstream cylinder Cd
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Fig. 10.28  Comparison of Cd of Downstream Cylinder for Two Equal-diameter Cylinders 
Arranged in Tandem at Different Re and Turbulence Intensities 
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Fig. 10.29  Comparison of Force Ratios for Two Equal-diameter Cylinders Arranged in 
Tandem at Different Re and Turbulence Intensities 
 
 
Fig. 10.30  Variation of F* vs. Re for Two Equal-diameter Smooth Cylinders in Turbulent 
Flow 
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10.4 Recommendations for Design Practice 
Two possible approaches can be recommended, based on either the combined drag 
coefficients or force ratios.  If combined drag coefficients were used, the projected area based 
on the largest cylinder in the group would be used correspondingly.  The combined drag 
coefficient could be recommended for difference spacing configurations and different number 
of cylinders in the group.  When the force ratio is used, the wind load can be calculated as the 
basic sum of the wind load on each cylinder in the group as the isolated case multiplied by the 
force ratio (see Eq. 10-2).    
**)( FACF idiw å ×=   (Eq.10-2) 
where Fw is the wind forced acting on the entire cylinder group.  The latter approach is adopted 
here to develop recommendations for the design practice since the force ratio always has an 
upper bound (i.e., 1.0) and is more straightforward to define and apply. 
Since the flow in the natural wind is always high turbulent, the experiments in the GT-
Flow case are used as the basis for the recommended force ratio values.  These values are given 
in Table 10.1.  The interpolation for spacings not listed here is considered appropriate. 
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Table 10.1  Recommended Force Ratios F* for Design Practice (1) 
 2-cylinder 2-cylinder 2-cylinder 3-cylinder 4-cylinder 
L/d1(2) 
 
Equal-diameter (4) 
Re=7.0~8.0×104  
Equal-
diameter (5) 
Re=6.5×105  
Unequal-
diameter (3,4) 
Re=8.0×104 
Unequal-diameter (3,4) 
Re=8.0×104 
1 0.4 0.45 0.65   
2 0.62 0.8 0.6 0.45 0.35 
3 0.75 0.9 0.65 0.5 0.43 
5 0.83 (0.9)(6) 1.0 0.75 0.6 0.55 
7 0.85 (0.95)(6)  1.0 0.78 0.65  
10  1.0 0.82   
Note: (1) Data is for smooth cylinders unless otherwise noted. 
(2) d1 denotes the diameter of the smallest cylinder in the combination. 
(3) Unequal-diameter cylinders are top- leveled, dmax/dmin=2. 
(4) From the data of the current study, Iu=5.6%. 
(5) From the data reported by Gu et al (1993), Iu=10%. 
(6) F* values are for slightly rough cylinders with small corrugations (ratio of depth 
of corrugated ridge to cylinder diameter d'/d=0.002) 
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CHAPTER 11.  EXPERIMENTAL UNCERTAINTY 
11.1 Introduction 
It has been discussed in Chapter 6 that the sampling rate and duration were carefully 
inspected and proven sufficient for several representative cases, and these sampling 
conditions were adopted through all the experiments.  However, it was not practical to verify 
the sufficiency of the sampling conditions for all of the tested cases.  The measured wind 
forces may have a dramatic change for some configurations.  It is possible for the time 
history to become nonstationary in some cases, for example, the bi-stable state for the two 
equal-diameter cylinder arranged in- tandem case at the critical spacing.  In these cases, the 
measurements may have a certain amount of uncertainty, and the mean value is not a 
sufficient parameter to describe the same phenomenon any more.  Furthermore, the 
operations in the process of setting up experiments may bring the uncertainties too, for 
example, the accuracy of the positioning when changing the spacing configuration, or the 
alignment accuracy of load cells, etc.  In this chapter, the uncertainties of the experimental 
data will be inspected and discussed on the basis of some reproduced tests.   
11.2 Reproducibility Test and Uncertainty Level 
To evaluate the uncertainty level of the reported data, a three-cylinder test was 
reproduced after the primary tests were conducted.  This test, featured with one combination 
FGH1 arranged as tops- leveled in SM-Flow condition, was selected after a careful review of 
the results from the preliminary data analysis for all the multiple-cylinder tests.  The reason 
for selecting this test is that a significant change of force ratios, especially the lift coefficient 
for the third cylinder, was found even at a small change of spacing.  This may imply a 
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dramatic change of flow patterns or highly fluctuating forces and consequently the chance of 
a high level of uncertainty was high.  The test was reproduced at the spacing range of 
L/d1=2.0~4.0 five times.  For each test, the combination was tested for a series of spacing 
configurations.  The pipe models were dismounted from the load cells and then were 
mounted again after each test, to simulate the possible effects of the mounting-dismounting 
procedure during the test.  The order of the tested spacing configurations was also randomly 
changed from test to test.  In this way, the test was carried out with the minimum inheritance 
effects from the last test and could be considered as a completely independent 
reproducibility.   
For all of the reproducibility tests, the drag coefficient, lift coefficient and the combined 
drag coefficient were calculated.  All tests were conducted with the sampling rate of 400Hz 
and duration of 10 seconds, which were the same conditions as all the production tests.  
Based on results from the five tests, some statistics are calculated.  The mean value x , 
standard deviation s, the variation range r, and the uncertainty interval u are presented in 
Table 11.1 for Cd and Cl, and in Table 11.2 for Cd*.  The plots of Cd and Cl vs. L/d1 for each 
test are shown in Figs. 11.1~11.6.   
The standard deviation was calculated as: 
å --=
22 )(
1
1
xx
n
S i  (Eq.11-1) 
where: 
n=5, the number of reproducibility tests 
ix = the coefficient from each reproducibility test 
x = the mean value of the coefficient from all of the reproducibility tests 
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Table 11.1 Statistics of Cd and Cl from the Reproducibility Tests 
Cd Cl  
 
 
L/d1 x  s r u x  s r u 
2 1.00 0.005 0.01 0.01 -0.03 0.003 0.01 0.01 
2.5 0.96 0.014 0.04 0.03 -0.04 0.002 0.01 0.01 
3 0.85 0.013 0.03 0.03 -0.03 0.003 0.01 0.01 
3.5 0.82 0.017 0.04 0.04 -0.04 0.003 0.01 0.01 
1st 
Cylinder 
4 0.80 0.017 0.04 0.04 -0.03 0.002 0.00 0.00 
2 0.09 0.008 0.02 0.02 -0.24 0.038 0.10 0.09 
2.5 -0.03 0.020 0.05 0.05 -0.81 0.032 0.07 0.07 
3 0.07 0.009 0.02 0.02 -0.13 0.032 0.08 0.07 
3.5 0.09 0.017 0.04 0.04 -0.01 0.021 0.05 0.05 
2nd 
Cylinder 
4 0.04 0.013 0.03 0.03 0.01 0.007 0.02 0.02 
2 0.19 0.015 0.04 0.03 -0.04 0.035 0.09 0.08 
2.5 0.42 0.029 0.08 0.07 -0.07 0.018 0.05 0.04 
3 0.44 0.009 0.02 0.02 -0.05 0.018 0.04 0.04 
3.5 0.49 0.015 0.04 0.03 -0.05 0.011 0.03 0.02 
3rd 
Cylinder 
4 0.53 0.014 0.04 0.03 -0.05 0.014 0.04 0.03 
 
Table 11.2 Statistics of Cd* from the Reproducibility Tests 
L/d1 x  s r 0.5u 
2 0.75 0.011 0.03 0.012 
2.5 0.87 0.039 0.10 0.045 
3 0.91 0.012 0.03 0.014 
3.5 0.96 0.006 0.01 0.007 
4 0.95 0.022 0.05 0.025 
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Fig. 11.1  Reproduced Cd (1st Cylinder) 
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Fig. 11.3 Reproduced Cd (2nd Cylinder) 
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Fig. 11.5  Reproduced Cd (3rd Cylinder) 
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Fig.11.2  Reproduced of Cl (1st Cylinder) 
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Fig. 11.4  Reproduced Cl (2nd Cylinder) 
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Fig. 11.6  Reproduced Cl (3rd Cylinder)
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The range, r, was calculated as the difference between the maximum value and the 
minimum value for each coefficient measured from the five tests.  Statistically, assuming the 
measured parameters follow a normal distribution, a confidence interval of the interested 
parameter can be defined as the following: 
n
s
txx ×±= *   (Eq.11.2) 
where t* is the upper (1-C)/2 critical value for the t distribution, t(n-1), at the confidence level 
of C.  In this case, t*=2.57, for the t distribution with (5-1) degrees of freedom at the 
confidence level of 95%.  
If defining the uncertainty interval of the reported coefficient as: 
 nstu ××= *2  (Eq. 11-3) 
it can be observed that the uncertainty for the drag coefficient, lift coefficient and the 
combined drag coefficient from this reproducibility tests were less than 0.05 in most cases.  
At a closer spacing, the uncertainty tends to be higher, but still less than 0.1 for all the cases.  
This uncertainty level is believed to represent the relatively higher end of the range of the 
uncertainty level for all the reported test data. 
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CHAPTER 12.  CONCLUSIONS AND RECOMMENDATIONS 
12.1 Summary 
Wind tunnel tests concerning the wind loads on circular cylinders arranged in tandem, 
with application to pipe rack structures were proposed and conducted in this study.  An 
extensive literature review revealed that only fragmental data was available for the multiple-
cylinder arrangements, and very limited experimental work had been done in turbulent flow 
conditions for multiple-cylinder case.  Previous research also showed that not only Reynolds 
number, but also the flow turbulence and surface roughness played important roles on the 
behaviors of the wind loads on the single cylinder, and these factors would surely affect the 
wind loads in the case of pipe racks as well.  As the precursor to this study, Narasimhan 
(1999) conducted wind tunnel tests with series of cylinder combinations (up to four 
cylinders) in the LSU Aerodynamic Wind Tunnel, in which only smooth cylinders and low 
turbulence flow condition (Iu=0.4~0.6%) were tested.  The goals of this study were to extend 
that work by investigating the effects of turbulent flow and cylinder surface roughness on 
mean drag and lift forces.  These goals were fulfilled by building a wind tunnel test section 
capable of generating both smooth flow (SM-Flow) and turbulent flow (GT-Flow), and by 
adopting pipe models with certain types of surface roughness as well as the smooth cylinders.   
A grid screen was used in the wind tunnel to achieve the turbulent flow condition.  A 
turbulence intensity of up to Iu=5.6% was achieved by the configuration.  A low turbulence 
flow of Iu=0.7% was also available for the experiment when the grid screen was not installed.  
In both types of flow conditions, combinations composed of two, three or four cylinders were 
tested.  Two types of surface roughness and the smooth surface were adopted for pipe 
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models, which have three sizes (only the largest size of cylinder had the rough surface 
configurations).  Reynolds numbers for the tests ranged from 2.7~8.6×104.  For multiple-
cylinder tests, most of the cylinders were aligned in tandem or as top-leveled for unequal 
diameter cases.  A limited number of experiments were conducted for different alignment 
cases as a comparison.  The minimum spacing tested for most two-cylinder arrangements 
was the case when the cylinders were just touching, and was twice of diameter for most three 
and four-cylinder tests based on the smallest cylinder.  The maximum spacing tested was 
15d1, 7d1, and 5d1 for most two-cylinder, three-cylinder and four-cylinder combinations 
respectively, where “d1” corresponded to the diameter of the smallest cylinder.  
For all the tested combinations, the drag coefficient for the individual cylinder and the 
combined drag coefficient and force ratio for the combination as a cylinder group were 
reported.  The lift coefficient of the individual cylinder for the unequal-diameter 
combinations arranged as tops- leveled was reported as well.  Uncertainty level of the 
reported data was estimated by reproducibility tests.  Based on the force ratio for most of the 
tested combinations in GT-Flow case, recommendations for design practice were provided.  
12.2 Conclusions  
Drag coefficients and lift coefficients were reported for all the test cases, as well as the 
combined drag coefficients and force ratios for the multiple-cylinder combinations.  Results 
from one-, two- and three-cylinder configurations were compared to values reported in the 
literature for validation.  Good agreements for all of these comparisons confirmed the 
appropriate performance of the experimental system.  The following conclusions were 
achieved based on these experiments. 
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12.2.1 Drag Coefficients 
1) For equal-diameter cylinders arranged in-tandem, as observed by many scholars, the 
critical spacing of L/d=3.5~4.0 occurred in the tested Reynolds number range of 2.7×104 to 
8.6 ×104 in smooth flow condition, which featured a sharp increase of drag coefficient for 
both upstream and downstream cylinder.  This feature was much less pronounced with the 
introduction of rough cylinders and turbulent flow at high Reynolds number (Re=8.0×104), 
the drag coefficient for both cylinders became nearly equal at spacings of L/d=4.0.   
2) For the three-cylinder equal-diameter combinations, the same trend as the two-
cylinder was observed and the third cylinder approached the same value as the middle one at 
the spacing of L/d=4.0.   
3) The feature of critical spacing was much less pronounced in the GT-Flow condition, 
especially when the Reynolds number reached 4.7 ×104 or higher.  It also became less 
pronounced when the combination included more cylinders.  
4) Generally, the first cylinder was not significantly affected by the downstream 
cylinder(s).  The effects became even less as the size(s) of the downstream cylinder(s) 
decreased. 
5) At the spacing range of L/d1=5.0 for all tested cases, the maximum drag coefficient 
for any downstream cylinder was around 0.6~0.7.    
12.2.2 Lift Coefficients 
1) For all the configurations that were symmetric to the flow, the mean lift coefficients 
were all around zero as expected, for either GT-Flow or SM-Flow case.  
2) The flow turbulence dramatically changed the lift force for most of the 
combinations.  For the SM-Flow case, the combinations with larger cylinder in the front 
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position were likely to have much smaller lift coefficients.  Larger lift coefficients occurred 
as negative values in most cases (upward).  For the GT-Flow case, large lift coefficients may 
occur either as positive or as negative.   
3) For both the GT-Flow case and the SM-Flow case, the largest lift coefficients 
occurred at close spacings of L/d=2.0~4.0.  Beyond the spacing of L/d=4.0, lift coefficients 
fell to zero very quickly.  
12.2.3 Combined Drag Coefficients 
1) In general, the combined drag coefficient increased with the spacing.  
2) For the SM-Flow case, critical spacing featuring an abrupt change of Cd* (kink) with 
a small change of spacing was found in most cases of two-, three- or four-cylinder tests.  For 
GT-Flow cases, the “kink” was much less pronounced compared to the SM-Flow case.   
3) For the GT-Flow case, it is very apparent that the combined drag coefficient is larger 
with more cylinders in the group.  The difference becomes larger with increasing spacing. 
3) For both the GT-Flow and the SM-Flow, the combinations with larger cylinder in the 
upstream position yielded larger values, and the combinations of the same cylinders where 
the smallest cylinder occupied the front position and others increased in size as moving down 
wind direction yielded smaller values. 
4) The minimum envelopes of the combined drag coefficients for all the tests cases 
were in the same level for both the GT-Flow case and the SM-Flow case.  However, the 
maximum envelope was noticeably higher for the SM-Flow case than the GT-Flow case. 
12.2.4 Force Ratios  
1) The most pronounced trend for the force ratio is that it was decreasing with more 
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cylinders in the combinations.  This trend is more consistent for the GT-Flow case. 
2) Generally, the force ratios increased with the increase of the spacing for most cases, 
except some kink shape change at the close spacings of L/d1<5.0 for the SM-Flow case. 
12.3 Recommendations for Further Research 
The ultimate objective of this study was to investigate the wind loads on the pipe rack 
structures, which typically consist of series of cylinders with various configurations.  The 
Reynolds number corresponding to the real applications at design wind speed is estimated at 
4×105 (based on the cylinder size of d=6.0 inch at the wind velocity of 90 mph) or much 
higher.  The flow condition for the natural wind varies dramatically and the turbulence 
intensities likely range from 15~30%.  Some recommendations are brought here to provide 
an insight of further research. 
· Tests at higher Reynolds numbers 
Most tests in this study were considered in the subcritical range or critical range.  A few 
tests showed some characteristics of the start of the post-critical regime, but these 
characteristics need to be further confirmed by tests in a higher Reynolds number range. 
· Tests with different orientation angles  
A majority of the experiments in this study were dealing with the in- tandem case for 
equal-diameter combinations and top- leveled for unequal-diameter combinations.  A limited 
number of tests in this study as well as some research work conducted by others showed that 
approaching wind angle might change the behavior of the wind forces on the pipe racks 
dramatically.  Further tests are needed to investigate the wind forces under various 
approaching angles. 
· Tests with larger diameter ratios for unequal-diameter combinations 
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The largest diameter ratio tested in the current experiments was 2.0, largest vs. smallest.  
It is worthwhile to test combinations with larger diameter ratios as an additional parameter.  
· Dynamic characteristics of wind forces 
In this study, the static loads were of the most interests and only the mean drag 
coefficients and mean lift coefficients were reported in all cases.  However, in some cases 
and the fluctuating forces or frequencies may be crucial and dominate the wind load design 
of the pipe-rack structures.  These dynamic characteristics need to be investigated as well to 
provide a complete guidance of wind load design. 
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APPENDIX B: INDEX OF CYLINDER MODELS 
 
Study A(1) Study B(2) 
Cylinder I.D. 
Diameter 
d (m) 
Length 
L (m) 
Surface 
Condition Maximum Re 
(×104) 
Blockage 
Ratio (%) 
Maximum Re 
(×104) 
Blockage 
Ratio (%) 
A 0.0096 0.635 Smooth 3.2 1.99 N.A(3) N.A 
B 0.0179 0.610 Smooth 5.4 3.73 N.A N.A 
C 0.0232 0.610 Smooth 7.1 4.89 N.A N.A 
D 0.0295 0.630 Smooth 9.0 6.16 N.A N.A 
E 0.0442 0.630 Smooth 5.2 9.21 2.8 1.8 
F 0.0602 0.630 Smooth N.A N.A 4.2 2.5 
G 0.0889 0.630 Smooth N.A N.A 6.3 3.6 
H1 0.1220 0.630 Smooth N.A N.A 8.6 5.0 
H2 0.1220 0.630 Rough#1(4) N.A N.A 8.6 5.0 
H3 0.1220 0.630 Rough#2(5) N.A N.A 8.6 5.0 
(1): Study A: Experiments in old LSU aerodynamics Wind Tunnel by Narasimhan (1999) 
(2): Study B: Experiments in the Current Study 
(3): Not tested in this study 
(4): Specified in Chapter 5 
(5): Specified in Chapter 5
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APPENDIX C: SINGLE CYLINDER TEST RESULTS 
 
Iu=0.7% Iu=3.9% Cylinder 
Re (×104) Cd Cl Re (×104) Cd Cl 
F 2.9 1.14 -0.03 2.8 1.27 -0.02 
 3.6 1.19 -0.05 3.5 1.21 -0.08 
 4.2 1.21 -0.05 4.0 1.21 -0.05 
G 3.7 1.18 -0.03 4.1 1.27 0.11 
 4.8 1.17 -0.03 5.2 1.21 -0.09 
 5.9 1.18 -0.05 6.0 1.14 -0.02 
H1 5.8 1.20 0.04 5.6 1.14 0.04 
 7.3 1.22 0.02 7.0 0.95 -0.07 
 8.6 1.23 0.01 8.1 0.91 0.02 
H2 4.3 1.19 -0.01 4.1 1.18 -0.06 
 5.8 1.16 -0.02 5.5 0.89 -0.09 
 7.3 0.99 0.02 7.0 0.63 -0.08 
 8.7 0.69 0.03 8.1 0.62 -0.09 
H3 4.3 1.27 -0.03 4.1 1.23 -0.04 
 5.8 1.29 -0.01 5.5 1.06 -0.02 
 7.3 1.32 -0.02 7.0 0.80 -0.07 
 8.6 1.27 -0.03 8.1 0.64 0.02 
 
 
Iu=4.7% Iu=5.6% Cylinder 
Re (×104) Cd Cl Re (×104) Cd Cl 
F 2.8 1.09 0.00 2.8 1.19 0.13 
 3.5 1.06 -0.04 3.5 1.21 0.05 
 4.0 1.11 -0.04 4.0 1.22 0.02 
G 3.5 1.05 -0.04 4.1 1.20 0.01 
 4.6 1.05 -0.03 5.1 1.00 0.01 
 5.7 1.01 0.00 5.9 0.93 0.02 
H1 5.6 1.00 0.03 5.5 0.90 0.04 
 7.2 0.85 0.01 7.0 0.78 0.03 
 8.2 0.83 -0.02 8.1 0.75 0.02 
H2 4.1 1.03 -0.07 4.1 0.96 -0.03 
 5.6 0.70 -0.12 5.5 0.67 -0.09 
 7.1 0.56 -0.08 6.9 0.64 -0.09 
 8.1 0.59 -0.09 8.0 0.64 -0.07 
H3 4.1 1.09 0.04 4.1 0.96 -0.02 
 5.6 0.93 0.09 5.5 0.80 0.01 
 7.1 0.64 0.08 7.0 0.60 -0.02 
 8.1 0.54 0.03 8.0 0.56 -0.05 
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APPENDIX D: MULTIPLE-CYLINDER TEST RESULTS 
 
 
 
Notations: 
 
 
L:   Distance between the adjacent cylinders from center to center in wind direction 
 
d1: Diameter of the individual cylinder for equal-diameter combinations or the 
smallest cylinder for  unequal-diameter combinations 
 
Cd: Mean drag coefficient for individual cylinder 
 
Cl: Mean lift coefficient for individual cylinder 
 
Cd*: Combined drag coefficient for the combination (Eq. 7-1) 
 
F*: Force ratio of the combination (Eq. 10-1) 
 
Re*: Reynolds number based on the diameter of the largest cylinder in the combination 
 177 
 
 
 
 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
  Re=2.7E04  Re=2.7E04      Re*=2.7E04  
FF 1 1.15 -0.15 -0.41 -0.09     0.74 0.31 
GT-Flow 1.5 1.06 -0.03 -0.31 -0.08     0.75 0.32 
 2 1.01 -0.07 -0.11 -0.11     0.90 0.38 
 3 0.93 -0.10 0.19 -0.08     1.12 0.47 
 4 1.06 -0.06 0.45 -0.07     1.51 0.63 
 5 1.07 -0.05 0.46 -0.02     1.53 0.64 
 6 1.08 -0.06 0.53 -0.07     1.61 0.68 
 8 1.18 -0.07 0.60 -0.07     1.78 0.75 
 10 1.19 -0.06 0.68 -0.10     1.87 0.79 
 15 1.21 -0.03 0.85 -0.07     2.06 0.86 
  Re=4.0E04  Re=4.0E04      Re*=4.0E04  
 1 1.08 0.05 -0.36 -0.02     0.72 0.29 
 1.5 1.05 -0.08 -0.24 -0.03     0.81 0.33 
 2 0.95 -0.10 -0.09 -0.03     0.86 0.35 
 3 0.94 -0.07 0.37 -0.10     1.31 0.54 
 4 1.07 -0.03 0.50 -0.10     1.57 0.64 
 5 1.05 -0.04 0.53 -0.08     1.59 0.65 
 6 1.10 -0.04 0.50 -0.08     1.60 0.66 
 8 1.15 -0.04 0.56 -0.11     1.71 0.70 
 10 1.15 -0.04 0.62 -0.12     1.77 0.73 
 15 1.13 -0.04 0.77 -0.07     1.90 0.78 
            
  Re=2.9E04  Re=2.9E04      Re*=2.9E04  
FF 1 1.08 -0.01 -0.28 -0.03     0.80 0.35 
SM-Flow 1.5 1.12 -0.01 -0.23 -0.04     0.88 0.39 
 2 1.08 -0.02 -0.08 -0.01     0.99 0.44 
 3 0.95 -0.03 0.00 -0.05     0.95 0.42 
 4 1.06 0.05 0.32 0.02     1.38 0.60 
 5 1.10 -0.04 0.42 -0.01     1.52 0.67 
 6 1.10 -0.05 0.50 -0.02     1.60 0.70 
 8 1.15 0.05 0.45 0.08     1.60 0.70 
 10 1.18 -0.03 0.60 -0.07     1.77 0.78 
 15 1.21 -0.03 0.72 -0.03     1.93 0.85 
            
  Re=4.2E04  Re=4.2E04      Re*=4.2E04  
 1 1.07 -0.01 -0.39 -0.03     0.68 0.28 
 1.5 1.12 -0.06 -0.28 -0.03     0.84 0.35 
 2 1.00 -0.06 -0.19 -0.02     0.81 0.34 
 3 0.93 0.00 -0.01 -0.03     0.92 0.38 
 4 1.13 0.01 0.39 0.00     1.52 0.63 
 5 1.13 -0.04 0.42 -0.01     1.54 0.64 
 6 1.14 -0.03 0.46 -0.02     1.60 0.66 
 8 1.20 0.00 0.45 0.01     1.65 0.68 
 10 1.22 -0.04 0.55 -0.02     1.77 0.73 
 15 1.23 -0.03 0.64 -0.02     1.87 0.77 
            
  Re=2.9E04  Re=2.9E04      Re*=2.9E04  
GG 1 0.94 -0.19 -0.13 -0.05     0.81 0.34 
GT-Flow 1.5 0.94 -0.09 -0.04 -0.03     0.91 0.38 
 2 0.92 -0.05 0.22 -0.06     1.14 0.48 
 2.5 0.90 -0.04 0.26 -0.05     1.16 0.49 
 3 0.91 -0.06 0.35 -0.03     1.26 0.53 
 3.5 0.93 -0.11 0.44 -0.03     1.37 0.57 
 4 1.00 -0.09 0.48 -0.02     1.48 0.62 
 5 1.02 -0.09 0.54 -0.03     1.56 0.65 
 7 1.02 -0.08 0.61 -0.02     1.63 0.68 
 10 1.03 -0.07 0.69 -0.04     1.72 0.72 
            
  Re=5.6E04  Re=5.6E04      Re*=5.6E04  
 1 0.84 -0.20 -0.09 -0.09     0.75 0.41 
 1.5 0.85 -0.08 0.01 -0.05     0.86 0.47 
 2 0.85 -0.05 0.27 -0.07     1.12 0.61 
 2.5 0.83 -0.02 0.32 -0.03     1.15 0.63 
 3 0.84 -0.05 0.38 -0.07     1.22 0.66 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 3.5 0.86 -0.06 0.38 0.06     1.24 0.67 
 4 0.89 -0.07 0.46 -0.03     1.35 0.74 
 5 0.92 -0.07 0.51 -0.03     1.43 0.78 
 7 0.93 -0.06 0.56 -0.05     1.49 0.81 
 10 0.94 -0.06 0.62 -0.05     1.56 0.85 
            
  Re=4.7E04  Re=4.7E04      Re*=4.7E04  
GG 1 1.06 -0.04 -0.25 -0.01     0.81 0.34 
SM-Flow 1.5 1.14 -0.01 -0.18 -0.01     0.97 0.41 
 2 1.02 -0.02 -0.18 -0.02     0.84 0.36 
 2.5 0.99 -0.01 -0.06 -0.04     0.93 0.40 
 3 0.93 -0.02 -0.05 -0.01     0.88 0.37 
 3.5 0.90 -0.03 0.02 -0.03     0.92 0.39 
 3.7 1.04 -0.06 0.22 -0.01     1.26 0.53 
 4 1.23 -0.04 0.37 -0.01     1.61 0.68 
 5 1.24 -0.03 0.39 -0.01     1.62 0.69 
 7 1.25 -0.05 0.43 -0.01     1.68 0.71 
 10 1.27 -0.02 0.51 -0.02     1.77 0.75 
            
  Re=5.8E04  Re=5.8E04      Re*=5.8E04  
 1 1.07 -0.04 -0.29 -0.03     0.77 0.33 
 1.5 1.14 -0.02 -0.21 -0.03     0.93 0.40 
 2 1.03 -0.02 -0.15 -0.03     0.88 0.37 
 2.5 0.98 -0.02 -0.06 -0.02     0.92 0.39 
 3 0.93 -0.03 -0.05 -0.02     0.88 0.37 
 3.5 0.91 -0.04 0.00 -0.03     0.91 0.38 
 3.7 1.06 -0.05 0.22 -0.01     1.28 0.54 
 4 1.25 -0.05 0.36 -0.01     1.61 0.68 
 5 1.27 -0.04 0.36 -0.03     1.63 0.69 
 7 1.24 -0.03 0.44 -0.08     1.69 0.71 
 10 1.25 -0.02 0.47 -0.02     1.72 0.73 
            
  Re=5.4E04  Re=5.4E04      Re*=5.4E04  
H1H1 1 0.79 -0.12 -0.09 -0.03     0.70 0.39 
GT-Flow 1.3 0.83 0.11 -0.03 -0.01     0.80 0.44 
 1.5 0.81 0.07 0.03 -0.02     0.85 0.46 
 1.7 0.82 0.06 0.15 -0.01     0.97 0.53 
 2 0.82 0.04 0.25 -0.02     1.07 0.59 
 2.5 0.80 0.04 0.35 -0.01     1.14 0.63 
 3 0.78 0.02 0.42 -0.02     1.20 0.66 
 3.5 0.79 0.03 0.51 -0.02     1.30 0.71 
 3.7 0.80 0.04 0.53 -0.03     1.33 0.73 
 4 0.81 0.05 0.55 0.02     1.36 0.75 
 5 0.83 0.03 0.57 -0.03     1.40 0.77 
 7 0.85 0.03 0.60 -0.03     1.45 0.80 
            
  Re=7.0E04  Re=7.0E04      Re*=7.0E04  
 1 0.63 -0.11 -0.01 -0.02     0.62 0.40 
 1.3 0.70 0.09 0.09 -0.01     0.78 0.50 
 1.5 0.68 0.04 0.14 -0.02     0.82 0.53 
 1.7 0.69 0.02 0.25 -0.02     0.94 0.60 
 2 0.70 -0.02 0.34 -0.02     1.04 0.67 
 2.5 0.68 -0.01 0.43 -0.01     1.11 0.71 
 3 0.69 0.02 0.47 -0.01     1.16 0.74 
 3.5 0.70 0.03 0.50 -0.02     1.20 0.77 
 3.7 0.71 0.02 0.53 -0.03     1.23 0.79 
 4 0.72 0.04 0.53 0.01     1.25 0.80 
 5 0.72 0.01 0.54 -0.03     1.26 0.81 
 7 0.75 0.04 0.56 -0.03     1.31 0.84 
            
  Re=8.0E04  Re=8.0E04      Re*=8.0E04  
 1 0.57 -0.11 0.03 -0.02     0.60 0.40 
 1.3 0.65 0.09 0.15 -0.02     0.80 0.53 
 1.5 0.63 0.01 0.20 -0.02     0.84 0.56 
 1.7 0.64 0.02 0.29 -0.01     0.93 0.62 
 2 0.64 -0.03 0.37 -0.02     1.01 0.67 
 2.5 0.64 -0.03 0.47 -0.01     1.11 0.74 
 3 0.65 -0.01 0.50 -0.01     1.15 0.77 
 3.5 0.66 0.00 0.53 -0.01     1.20 0.80 
 3.7 0.67 0.01 0.54 -0.02     1.21 0.81 
 4 0.67 -0.01 0.53 0.00     1.21 0.80 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 5 0.69 0.02 0.55 -0.02     1.25 0.83 
 7 0.71 0.01 0.56 -0.03     1.27 0.85 
            
  Re=5.7E04  Re=5.7E04      Re*=5.7E04  
H1H1 1 1.17 -0.04 -0.47 -0.02     0.70 0.29 
SM-Flow 1.3 1.16 0.05 -0.37 -0.02     0.79 0.33 
 1.5 1.15 0.06 -0.37 -0.01     0.78 0.33 
 1.7 1.10 0.04 -0.40 -0.02     0.70 0.29 
 2 1.08 -0.02 -0.25 -0.01     0.83 0.34 
 2.5 1.05 0.00 0.00 -0.01     1.05 0.44 
 3 0.99 0.00 -0.03 -0.01     0.96 0.40 
 3.5 0.96 -0.01 -0.01 -0.01     0.94 0.39 
 3.7 0.94 0.01 -0.01 -0.02     0.93 0.39 
 4 1.33 0.02 0.42 -0.01     1.76 0.73 
 5 1.31 0.02 0.45 0.00     1.76 0.73 
 7 1.29 0.02 0.49 -0.01     1.77 0.74 
  Re=7.2E04  Re=7.2E04      Re*=7.2E04  
 1 1.17 -0.04 -0.49 -0.02     0.69 0.28 
 1.3 1.17 0.03 -0.37 -0.02     0.80 0.33 
 1.5 1.17 0.05 -0.39 -0.01     0.78 0.32 
 1.7 1.13 0.03 -0.38 -0.01     0.75 0.31 
 2 1.10 -0.02 -0.29 -0.01     0.81 0.33 
 2.5 1.06 -0.01 0.05 -0.01     1.11 0.46 
 3 1.00 -0.01 -0.04 0.00     0.96 0.39 
 3.5 0.97 -0.01 -0.01 0.00     0.96 0.39 
 3.7 0.95 0.00 -0.03 -0.01     0.92 0.38 
 4 1.33 0.02 0.43 -0.01     1.76 0.72 
 5 1.33 0.00 0.45 0.00     1.78 0.73 
 7 1.32 0.01 0.46 -0.01     1.77 0.73 
  Re=8.6E04  Re=8.6E04      Re*=8.6E04  
 1 1.17 -0.04 -0.52 -0.01     0.66 0.27 
 1.3 1.18 0.02 -0.38 -0.02     0.80 0.32 
 1.5 1.17 0.05 -0.39 -0.01     0.78 0.32 
 1.7 1.12 0.02 -0.40 -0.01     0.72 0.29 
 2 1.09 -0.02 -0.28 -0.01     0.81 0.33 
 2.5 1.06 -0.02 0.06 0.00     1.12 0.45 
 3 0.99 -0.02 -0.04 0.00     0.95 0.39 
 3.5 0.96 -0.02 -0.02 0.01     0.94 0.38 
 3.7 1.29 0.01 0.40 -0.01     1.69 0.69 
 4 1.33 0.00 0.42 -0.01     1.75 0.71 
 5 1.32 0.00 0.44 0.00     1.75 0.71 
 7 1.31 0.00 0.45 -0.01     1.76 0.72 
            
  Re=4.0E04  Re=4.0E04      Re*=4.0E04  
H2H2 1 0.81 -0.14 -0.10 -0.03     0.71 0.37 
GT-Flow 1.3 0.83 0.04 -0.05 -0.02     0.79 0.41 
 1.5 0.84 0.03 0.03 -0.08     0.87 0.45 
 1.7 0.83 -0.05 0.12 -0.02     0.96 0.50 
 2 0.85 -0.01 0.28 -0.03     1.13 0.59 
 2.5 0.84 -0.04 0.38 -0.04     1.22 0.63 
 3 0.84 -0.03 0.43 -0.02     1.27 0.66 
 3.5 0.84 -0.05 0.51 -0.02     1.36 0.71 
 3.7 0.88 -0.05 0.51 -0.03     1.39 0.73 
 4 0.86 -0.04 0.54 0.00     1.40 0.73 
 5 0.89 -0.04 0.54 -0.04     1.43 0.74 
 7 0.90 -0.04 0.56 0.00     1.46 0.76 
  Re=5.5E04  Re=5.5E04      Re*=5.5E04  
 1 0.52 -0.12 0.07 -0.02     0.60 0.45 
 1.3 0.58 -0.03 0.12 -0.01     0.70 0.52 
 1.5 0.58 -0.02 0.18 -0.05     0.75 0.56 
 1.7 0.57 -0.10 0.20 -0.07     0.77 0.57 
 2 0.58 -0.07 0.33 -0.02     0.91 0.68 
 2.5 0.56 -0.06 0.42 -0.02     0.98 0.73 
 3 0.58 -0.08 0.50 -0.01     1.08 0.81 
 3.5 0.60 -0.09 0.54 0.00     1.13 0.85 
 3.7 0.61 -0.09 0.53 -0.01     1.14 0.85 
 4 0.61 -0.09 0.57 0.02     1.18 0.88 
 5 0.63 -0.09 0.55 0.03     1.19 0.89 
 7 0.65 -0.11 0.55 0.04     1.20 0.90 
  Re=7.0E04  Re=7.0E04      Re*=7.0E04  
 1 0.47 -0.10 0.06 -0.01     0.53 0.41 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 1.3 0.54 -0.05 0.11 0.00     0.65 0.50 
 1.5 0.53 -0.01 0.15 -0.03     0.69 0.54 
 1.7 0.53 -0.10 0.18 -0.03     0.71 0.56 
 2 0.53 -0.06 0.31 -0.02     0.85 0.66 
 2.5 0.51 -0.07 0.37 -0.04     0.88 0.69 
 3 0.52 -0.08 0.47 0.00     0.98 0.77 
 3.5 0.53 -0.09 0.52 0.00     1.06 0.83 
 3.7 0.55 -0.09 0.52 0.00     1.07 0.84 
 4 0.55 -0.09 0.55 0.02     1.10 0.86 
 5 0.57 -0.09 0.55 0.03     1.12 0.88 
 7 0.59 -0.10 0.55 0.04     1.14 0.89 
  Re=8.0E04  Re=8.0E04      Re*=8.0E04  
 1 0.51 -0.09 0.02 -0.01     0.53 0.41 
 1.3 0.57 -0.01 0.06 -0.04     0.63 0.49 
 1.5 0.53 -0.02 0.11 -0.02     0.65 0.50 
 1.7 0.56 -0.09 0.15 -0.01     0.71 0.55 
 2 0.55 -0.07 0.24 -0.04     0.79 0.62 
 2.5 0.53 -0.07 0.35 -0.03     0.87 0.68 
 3 0.53 -0.07 0.46 0.00     0.98 0.77 
 3.5 0.55 -0.08 0.53 0.01     1.08 0.84 
 3.7 0.56 -0.08 0.52 -0.01     1.09 0.85 
 4 0.56 -0.08 0.56 0.03     1.12 0.88 
 5 0.59 -0.08 0.56 0.03     1.15 0.90 
 7 0.62 -0.09 0.58 0.05     1.20 0.94 
            
  Re=4.3E04  Re=4.3E04      Re*=4.3E04  
H2H2 1 1.18 -0.08 -0.33 -0.05     0.85 0.36 
SM-Flow 1.3 1.20 -0.05 -0.36 -0.01     0.83 0.35 
 1.5 1.20 0.02 -0.33 0.00     0.86 0.36 
 1.7 1.14 -0.06 -0.33 0.00     0.81 0.34 
 2 1.13 -0.06 -0.23 0.14     0.90 0.38 
 2.5 1.06 -0.02 -0.01 -0.06     1.06 0.44 
 3 0.99 -0.01 -0.04 -0.01     0.95 0.40 
 3.5 0.95 -0.03 -0.04 -0.02     0.91 0.38 
 3.7 0.98 0.00 -0.02 -0.02     0.96 0.40 
 4 1.39 0.00 0.42 -0.04     1.81 0.76 
 5 1.27 0.01 0.43 -0.07     1.70 0.72 
 7 1.30 0.03 0.46 -0.19     1.75 0.74 
  Re=5.7E04  Re=5.7E04      Re*=5.7E04  
 1 1.11 -0.06 -0.29 -0.03     0.82 0.35 
 1.3 1.16 -0.04 -0.38 0.00     0.77 0.33 
 1.5 1.14 -0.02 -0.37 0.01     0.77 0.33 
 1.7 1.11 -0.06 -0.39 0.00     0.72 0.31 
 2 1.09 -0.05 -0.22 0.08     0.87 0.38 
 2.5 1.06 -0.02 0.09 0.00     1.15 0.49 
 3 0.98 -0.02 -0.05 -0.01     0.93 0.40 
 3.5 0.98 -0.03 0.04 -0.01     1.02 0.44 
 3.7 1.24 -0.01 0.44 -0.01     1.69 0.73 
 4 1.30 -0.01 0.43 -0.09     1.73 0.74 
 5 1.21 0.00 0.43 -0.04     1.64 0.71 
 7 1.22 0.01 0.46 -0.09     1.69 0.73 
  Re=7.2E04  Re=7.2E04      Re*=7.2E04  
 1 1.00 -0.05 -0.23 -0.02     0.77 0.39 
 1.3 0.96 0.25 -0.24 0.01     0.72 0.36 
 1.5 1.03 0.02 -0.33 0.00     0.70 0.36 
 1.7 0.95 0.22 -0.15 0.01     0.80 0.40 
 2 1.01 0.01 -0.19 0.04     0.82 0.41 
 2.5 0.96 0.01 -0.01 0.00     0.95 0.48 
 3 0.93 0.01 0.06 -0.04     0.99 0.50 
 3.5 1.04 0.04 0.44 0.01     1.48 0.75 
 3.7 1.05 0.07 0.45 -0.01     1.51 0.76 
 4 1.07 0.08 0.45 -0.06     1.52 0.77 
 5 1.03 0.05 0.45 -0.01     1.48 0.75 
 7 1.05 0.12 0.49 -0.05     1.54 0.78 
  Re=8.6E04  Re=8.6E04      Re*=8.6E04  
 1 0.52 -0.06 0.00 -0.01     0.53 0.38 
 1.3 0.68 0.18 0.10 0.02     0.78 0.57 
 1.5 0.68 0.63 0.04 0.02     0.72 0.52 
 1.7 0.67 0.56 0.10 0.01     0.77 0.56 
 2 0.66 0.51 0.21 0.03     0.88 0.64 
 2.5 0.61 0.27 0.41 0.01     1.01 0.74 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 3 0.71 0.06 0.43 0.00     1.14 0.83 
 3.5 0.63 0.23 0.49 -0.01     1.12 0.81 
 3.7 0.63 0.26 0.52 -0.02     1.16 0.84 
 4 0.66 0.22 0.54 -0.04     1.20 0.87 
 5 0.66 0.28 0.55 -0.03     1.21 0.88 
 7 0.68 0.30 0.59 -0.03     1.27 0.92 
            
  Re=4.1E04  Re=4.1E04      Re*=4.1E04  
H3H3 1 0.91 -0.26 -0.20 -0.16     0.71 0.37 
GT-Flow 1.3 0.88 0.12 -0.10 -0.20     0.78 0.41 
 1.5 0.93 0.02 -0.01 -0.14     0.92 0.48 
 1.7 0.91 0.01 0.12 -0.18     1.04 0.54 
 2 0.89 0.01 0.19 -0.16     1.09 0.57 
 2.5 0.82 -0.03 0.30 -0.15     1.12 0.59 
 3 0.87 -0.02 0.39 -0.13     1.27 0.66 
 3.5 0.90 0.00 0.40 -0.14     1.30 0.68 
 3.7 0.92 0.01 0.52 -0.17     1.44 0.75 
 4 0.93 0.01 0.51 -0.15     1.44 0.75 
 5 0.93 -0.02 0.52 -0.14     1.45 0.75 
 7 0.94 0.00 0.60 -0.04     1.54 0.80 
            
  Re=5.6E04  Re=5.6E04      Re*=5.6E04  
 1 0.60 -0.31 -0.02 -0.18     0.59 0.37 
 1.3 0.65 0.28 0.13 -0.27     0.78 0.49 
 1.5 0.68 0.12 0.12 -0.14     0.80 0.50 
 1.7 0.67 0.05 0.24 -0.26     0.91 0.57 
 2 0.68 -0.02 0.31 -0.17     0.99 0.62 
 2.5 0.65 -0.02 0.40 -0.16     1.05 0.66 
 3 0.66 0.00 0.48 -0.15     1.13 0.71 
 3.5 0.68 0.01 0.47 -0.14     1.15 0.72 
 3.7 0.69 0.01 0.56 -0.20     1.25 0.78 
 4 0.68 0.00 0.53 -0.16     1.21 0.76 
 5 0.70 0.02 0.52 -0.17     1.22 0.76 
 7 0.72 0.02 0.57 -0.08     1.29 0.81 
            
  Cd Cl Cd Cl       
  Re=7.1E04  Re=7.1E04      Re*=7.1E04  
 1 0.40 -0.27 0.09 -0.15     0.49 0.41 
 1.3 0.50 0.24 0.18 -0.26     0.68 0.57 
 1.5 0.47 0.18 0.20 -0.10     0.67 0.56 
 1.7 0.47 0.06 0.34 -0.27     0.80 0.67 
 2 0.45 -0.05 0.37 -0.17     0.83 0.69 
 2.5 0.45 -0.06 0.45 -0.15     0.90 0.75 
 3 0.48 -0.05 0.52 -0.14     1.00 0.83 
 3.5 0.49 -0.06 0.50 -0.13     0.99 0.82 
 3.7 0.50 -0.06 0.57 -0.20     1.07 0.89 
 4 0.50 -0.06 0.54 -0.14     1.04 0.86 
 5 0.52 -0.03 0.53 -0.14     1.05 0.88 
 7 0.54 -0.02 0.54 -0.08     1.08 0.90 
            
  Cd Cl Cd Cl       
  Re=8.0E04  Re=8.0E04      Re*=8.0E04  
 1 0.36 -0.25 0.11 -0.14     0.48 0.42 
 1.3 0.46 0.18 0.19 -0.25     0.65 0.57 
 1.5 0.44 0.12 0.23 -0.09     0.67 0.59 
 1.7 0.43 0.03 0.36 -0.28     0.78 0.69 
 2 0.42 -0.06 0.39 -0.15     0.81 0.71 
 2.5 0.41 -0.07 0.46 -0.13     0.87 0.77 
 3 0.44 -0.08 0.54 -0.13     0.97 0.85 
 3.5 0.45 -0.09 0.51 -0.11     0.96 0.84 
 3.7 0.46 -0.09 0.58 -0.21     1.04 0.91 
 4 0.47 -0.09 0.55 -0.14     1.02 0.89 
 5 0.49 -0.05 0.53 -0.14     1.02 0.89 
 7 0.50 -0.04 0.54 -0.07     1.04 0.91 
            
H3H3  Re=4.3E04  Re=4.3E04      Re*=4.3E04  
SM-Flow 1 1.09 0.01 -0.33 -0.09     0.76 0.30 
 1.3 1.23 0.07 -0.38 -0.09     0.85 0.33 
 1.5 1.15 0.05 -0.41 -0.10     0.74 0.29 
 1.7 1.13 -0.01 -0.20 -0.10     0.93 0.37 
 2 1.10 0.04 -0.32 -0.12     0.78 0.31 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 2.5 1.07 0.00 0.04 -0.10     1.11 0.44 
 3 1.02 0.00 -0.07 -0.10     0.94 0.37 
 3.5 0.99 -0.01 -0.02 -0.09     0.97 0.38 
 3.7 1.00 -0.01 -0.02 -0.11     0.98 0.39 
 4 1.29 0.02 0.49 -0.11     1.79 0.70 
 5 1.30 0.02 0.47 -0.09     1.77 0.70 
 7 1.30 0.02 0.54 -0.07     1.83 0.72 
            
  Re=5.8E04  Re=5.8E04      Re*=5.8E04  
 1 1.08 0.00 -0.30 -0.08     0.78 0.30 
 1.3 1.19 0.06 -0.34 -0.09     0.85 0.33 
 1.5 1.13 0.04 -0.37 -0.10     0.76 0.29 
 1.7 1.12 -0.02 -0.10 -0.11     1.01 0.39 
 2 1.09 0.02 -0.32 -0.11     0.77 0.30 
 2.5 1.06 -0.02 0.03 -0.10     1.08 0.42 
 3 1.01 -0.03 -0.08 -0.09     0.93 0.36 
 3.5 0.98 -0.03 -0.03 -0.10     0.95 0.37 
 3.7 0.97 -0.03 -0.01 -0.11     0.96 0.37 
 4 1.32 -0.02 0.46 -0.13     1.77 0.69 
 5 1.31 0.00 0.48 -0.11     1.79 0.69 
 7 1.30 0.00 0.52 -0.12     1.82 0.71 
            
  Re=7.3E04  Re=7.3E04      Re*=7.3E04  
 1 1.07 -0.01 -0.28 -0.07     0.79 0.30 
 1.3 1.18 0.07 -0.34 -0.09     0.84 0.32 
 1.5 1.13 0.00 -0.18 -0.11     0.96 0.36 
 1.7 1.10 -0.02 -0.09 -0.12     1.01 0.38 
 2 1.07 0.02 -0.29 -0.10     0.78 0.29 
 2.5 1.04 -0.03 0.05 -0.10     1.10 0.41 
 3 0.98 -0.04 -0.06 -0.09     0.93 0.35 
 3.5 0.96 -0.04 -0.02 -0.10     0.94 0.35 
 3.7 0.95 -0.04 -0.01 -0.10     0.94 0.36 
 4 1.32 -0.03 0.48 -0.13     1.79 0.68 
 5 1.30 -0.02 0.47 -0.13     1.77 0.67 
 7 1.28 -0.02 0.52 -0.15     1.79 0.68 
            
  Re=8.6E04  Re=8.6E04      Re*=8.6E04  
 1 1.05 -0.02 -0.28 -0.08     0.77 0.30 
 1.3 1.14 0.06 -0.31 -0.09     0.83 0.33 
 1.5 1.11 0.02 -0.19 -0.11     0.92 0.36 
 1.7 1.09 -0.01 -0.04 -0.13     1.05 0.41 
 2 1.06 0.02 -0.31 -0.10     0.76 0.30 
 2.5 1.05 -0.03 0.11 -0.11     1.16 0.46 
 3 0.97 -0.03 -0.04 -0.09     0.94 0.37 
 3.5 0.95 -0.04 0.03 -0.10     0.97 0.38 
 3.7 1.18 -0.03 0.43 -0.17     1.60 0.63 
 4 1.29 -0.02 0.47 -0.15     1.76 0.69 
 5 1.25 -0.01 0.48 -0.14     1.73 0.68 
 7 1.25 -0.01 0.51 -0.14     1.76 0.69 
            
  Re=4.2E04  Re=4.2E04      Re*=4.2E04  
FF, Angle 1 1.03 0.18 -0.07 -0.16     0.96 0.38 
SM-Flow 1.5 1.25 0.07 -0.23 -1.01     1.01 0.40 
Angle= 11
o 2 1.01 0.03 0.15 -0.70     1.16 0.46 
 3 0.83 -0.03 0.51 -0.52     1.34 0.53 
  Re=4.0E04  Re=4.0E04      Re*=4.0E04  
FF, Angle 1 1.10 0.07 -0.05 -0.25     1.05 0.41 
GT-Flow 1.5 1.12 0.08 -0.08 -0.74     1.04 0.41 
Angle= 11
o 2 1.05 -0.08 0.00 -1.04     1.05 0.41 
 3 1.06 -0.07 0.58 -0.43     1.65 0.65 
            
  Re=2.7E04  Re=5.5E04      Re*=5.5E04  
F1H1 1.5 1.27 -0.62 0.46 -0.08     1.08 0.73 
GT-Flow 2 1.01 0.43 0.42 -0.63     0.92 0.62 
 2.5 0.93 -0.03 0.40 -0.74     0.86 0.58 
 3 0.90 -0.04 0.44 -0.73     0.88 0.59 
 4 1.06 -0.03 0.55 -0.23     1.07 0.72 
 5 0.95 -0.05 0.56 -0.17     1.03 0.69 
 6 1.02 -0.03 0.55 -0.11     1.06 0.71 
 8 1.02 -0.03 0.57 -0.14     1.07 0.72 
 10 1.13 -0.02 0.60 -0.14     1.16 0.78 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 15 1.12 -0.03 0.64 -0.08     1.19 0.80 
  Re=3.5E04  Re=7.0E04      Re*=7.0E04  
 1.5 1.26 -0.65 0.34 0.04     0.96 0.70 
 2 0.96 0.46 0.39 -0.49     0.86 0.63 
 2.5 0.89 -0.02 0.41 -0.53     0.85 0.62 
 3 0.83 -0.04 0.43 -0.49     0.84 0.61 
 4 0.98 -0.03 0.50 -0.14     0.99 0.72 
 5 0.96 -0.05 0.51 -0.08     0.99 0.72 
 6 1.01 -0.04 0.49 0.00     0.99 0.72 
 8 1.00 -0.03 0.50 -0.07     1.00 0.73 
 10 1.08 -0.03 0.54 -0.08     1.07 0.78 
 15 1.11 -0.04 0.57 -0.07     1.12 0.82 
  Re=4.0E04  Re=8.1E04      Re*=8.1E04  
 1.5 1.23 -0.72 0.27 0.05     0.88 0.65 
 2 0.95 0.46 0.36 -0.46     0.82 0.61 
 2.5 0.87 -0.03 0.40 -0.41     0.83 0.61 
 3 0.87 -0.05 0.44 -0.41     0.87 0.64 
 4 1.01 -0.04 0.51 -0.11     1.01 0.75 
 5 0.96 -0.05 0.52 -0.04     0.99 0.73 
 6 1.03 -0.03 0.50 0.04     1.01 0.75 
 8 1.03 -0.03 0.52 -0.04     1.03 0.76 
 10 1.13 -0.03 0.54 -0.05     1.10 0.81 
 15 1.13 -0.03 0.57 -0.04     1.12 0.83 
            
  Re=2.8E04  Re=5.7E04      Re*=5.7E04  
FH1 1.5 1.23 -0.54 0.64 -0.26     1.25 0.71 
SM-Flow 2 1.17 -0.03 0.27 -1.06     0.85 0.48 
 2.5 1.07 -0.03 0.33 -1.09     0.86 0.49 
 3 0.97 -0.02 0.40 -1.04     0.88 0.50 
 4 0.93 -0.03 0.53 -0.81     0.99 0.56 
 5 1.01 -0.02 0.59 -0.15     1.08 0.61 
 6 0.97 -0.02 0.59 -0.13     1.06 0.60 
 8 1.02 -0.01 0.58 -0.15     1.09 0.62 
 10 1.03 -0.01 0.59 -0.12     1.10 0.63 
 15 1.08 -0.01 0.67 -0.09     1.20 0.68 
  Re=3.6E04  Re=7.3E04      Re*=7.3E04  
 1.5 1.27 -0.44 0.65 -0.20     1.28 0.71 
 2 1.19 -0.02 0.27 -1.11     0.85 0.47 
 2.5 1.07 -0.03 0.33 -1.10     0.86 0.47 
 3 0.98 -0.03 0.39 -1.08     0.88 0.48 
 4 1.01 -0.03 0.56 -0.57     1.05 0.58 
 5 1.03 -0.03 0.55 -0.04     1.06 0.59 
 6 0.96 -0.02 0.58 -0.08     1.05 0.58 
 8 1.05 -0.02 0.56 -0.10     1.08 0.60 
 10 1.05 -0.02 0.56 -0.06     1.08 0.60 
 15 1.08 -0.01 0.62 -0.06     1.16 0.64 
  Re=4.2E04  Re=8.5E04      Re*=8.5E04  
 1.5 1.30 -0.44 0.64 -0.22     1.28 0.70 
 2 1.19 -0.01 0.27 -1.13     0.85 0.47 
 2.5 1.06 -0.03 0.33 -1.11     0.86 0.47 
 3 0.99 -0.04 0.40 -1.10     0.89 0.49 
 4 1.08 -0.02 0.56 -0.23     1.09 0.60 
 5 1.03 -0.02 0.54 0.01     1.05 0.57 
 6 1.00 -0.03 0.54 0.01     1.04 0.57 
 8 1.06 -0.03 0.54 -0.04     1.07 0.58 
 10 1.08 -0.01 0.56 -0.03     1.09 0.60 
 15 1.10 -0.01 0.58 -0.04     1.13 0.62 
            
  Re=4.0E04  Re=5.5E04      Re*=5.5E04  
GH1 1.2 1.15 -0.25 -0.02 -0.02     0.82 0.46 
GT-Flow 2 0.86 0.04 0.22 -0.05     0.85 0.48 
 2.5 0.83 -0.06 0.23 0.01     0.84 0.47 
 3 0.84 -0.07 0.29 0.01     0.90 0.51 
 4 1.08 -0.06 0.45 -0.02     1.24 0.70 
 5 1.05 -0.05 0.46 0.00     1.22 0.69 
 6 1.08 -0.05 0.49 -0.01     1.28 0.72 
 8 1.16 -0.05 0.52 -0.01     1.36 0.77 
 10 1.11 -0.06 0.58 0.04     1.39 0.78 
            
  Re=5.0E04  Re=7.0E04      Re*=7.0E04  
 1.2 1.04 -0.24 -0.01 0.08     0.75 0.49 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 2 0.78 0.05 0.27 0.02     0.83 0.55 
 2.5 0.78 -0.07 0.32 0.05     0.89 0.58 
 3 0.77 -0.08 0.37 0.06     0.93 0.61 
 4 0.88 -0.07 0.48 0.02     1.11 0.73 
 5 0.88 -0.07 0.47 0.01     1.11 0.73 
 6 0.92 -0.09 0.53 0.00     1.21 0.79 
 8 0.97 -0.07 0.54 0.02     1.25 0.82 
 10 0.95 -0.08 0.57 0.05     1.26 0.83 
            
  Re=5.8E04  Re=8.0E04      Re*=8.0E04  
 1.2 0.97 -0.25 0.00 0.13     0.71 0.50 
 2 0.73 0.03 0.30 0.08     0.83 0.58 
 2.5 0.71 -0.07 0.37 0.06     0.89 0.62 
 3 0.73 -0.09 0.42 0.06     0.96 0.67 
 4 0.80 -0.10 0.51 0.04     1.09 0.76 
 5 0.83 -0.10 0.50 0.02     1.10 0.77 
 6 0.83 -0.12 0.53 0.02     1.14 0.80 
 8 0.87 -0.10 0.53 0.01     1.17 0.82 
 10 0.85 -0.10 0.57 0.06     1.19 0.83 
            
  Re=4.2E04  Re=5.7E04      Re*=5.7E04  
GH1 1.2 1.25 -0.22 0.01 -0.19     0.91 0.44 
SM-Flow 2 1.00 -0.01 0.02 -0.68     0.74 0.36 
 2.5 0.92 0.01 0.06 -0.02     0.73 0.35 
 3 0.89 -0.01 0.09 0.02     0.74 0.36 
 4 0.84 -0.04 0.17 0.00     0.79 0.38 
 5 1.19 -0.02 0.42 -0.01     1.29 0.62 
 6 1.16 -0.02 0.46 -0.01     1.31 0.64 
 8 1.22 -0.02 0.47 0.02     1.36 0.66 
 10 1.23 0.00 0.54 0.05     1.43 0.70 
            
  Re=5.3E04  Re=7.2E04      Re*=7.2E04  
 1.2 1.28 -0.21 -0.02 -0.16     0.92 0.44 
 2 1.02 0.00 0.00 -0.71     0.74 0.36 
 2.5 0.91 0.01 0.03 0.08     0.70 0.34 
 3 0.89 -0.02 0.06 0.06     0.71 0.34 
 4 0.85 -0.03 0.18 0.02     0.80 0.38 
 5 1.14 -0.03 0.42 0.02     1.25 0.60 
 6 1.19 -0.02 0.44 0.02     1.30 0.63 
 8 1.23 -0.03 0.44 0.03     1.34 0.65 
 10 1.24 -0.01 0.50 0.05     1.41 0.68 
            
  Re=6.2E04  Re=8.5E04      Re*=8.5E04  
 1.2 1.31 -0.19 -0.04 -0.13     0.92 0.44 
 2 1.02 0.00 -0.03 -0.74     0.72 0.34 
 2.5 0.91 0.00 0.02 0.10     0.68 0.33 
 3 0.89 -0.01 0.06 0.07     0.70 0.34 
 4 0.84 -0.04 0.18 0.04     0.79 0.38 
 5 1.15 -0.02 0.41 0.02     1.25 0.60 
 6 1.21 -0.02 0.43 0.02     1.31 0.63 
 8 1.23 -0.02 0.44 0.04     1.34 0.64 
 10 1.26 -0.01 0.49 0.05     1.40 0.67 
            
  Re=5.5E04  Re=2.7E04      Re*=5.5E04  
H1F 1.6 0.91 -1.20 -0.04 0.25     0.89 0.60 
GT-Flow 3.0 0.97 -0.06 0.08 0.10     1.00 0.67 
 4.1 0.97 -0.04 0.18 0.12     1.06 0.71 
 5.1 0.92 -0.04 0.29 0.12     1.06 0.72 
 6.1 0.97 -0.02 0.42 0.11     1.18 0.79 
 7.1 0.93 -0.03 0.50 0.09     1.18 0.79 
 8.1 0.93 -0.06 0.55 0.08     1.20 0.81 
 10.2 0.96 -0.03 0.62 0.03     1.27 0.85 
 14.2 0.95 -0.04 0.74 0.02     1.32 0.88 
            
  Re=7.0E04  Re=3.5E04      Re*=7.0E04  
 1.6 0.75 -1.31 0.16 0.27     0.83 0.60 
 3.0 0.82 -0.10 0.12 0.25     0.88 0.64 
 4.1 0.81 -0.06 0.24 0.20     0.93 0.68 
 5.1 0.78 -0.06 0.35 0.17     0.95 0.69 
 6.1 0.79 -0.06 0.44 0.15     1.01 0.73 
 7.1 0.80 -0.07 0.54 0.10     1.06 0.77 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 8.1 0.79 -0.08 0.57 0.08     1.07 0.78 
 10.2 0.81 -0.09 0.64 0.05     1.13 0.82 
 14.2 0.79 -0.08 0.73 0.03     1.15 0.83 
            
  Re=8.0E04  Re=4.0E04      Re*=8.1E04  
 1.6 0.71 -1.25 0.19 0.27     0.80 0.60 
 3.0 0.76 -0.10 0.14 0.48     0.83 0.61 
 4.1 0.74 -0.08 0.28 0.27     0.88 0.65 
 5.1 0.71 -0.08 0.40 0.20     0.91 0.67 
 6.1 0.73 -0.08 0.47 0.16     0.97 0.71 
 7.1 0.73 -0.10 0.55 0.12     1.00 0.74 
 8.1 0.72 -0.10 0.59 0.09     1.01 0.75 
 10.2 0.73 -0.07 0.64 0.05     1.05 0.78 
 14.2 0.73 -0.08 0.73 0.05     1.10 0.81 
            
  Re=5.8E04  Re=2.9E04      Re*=5.8E04  
H1F 1.6 1.30 -0.28 -0.01 -0.04     1.30 0.74 
SM-Flow 3.0 1.26 -0.20 0.11 -0.01     1.32 0.75 
 4.1 1.34 0.05 0.39 -0.09     1.53 0.87 
 5.1 1.31 0.02 0.46 -0.06     1.54 0.87 
 6.1 1.43 0.02 0.58 -0.05     1.72 0.97 
 7.1 1.41 0.06 0.62 -0.07     1.72 0.97 
 8.1 1.42 0.01 0.66 -0.06     1.75 0.99 
 10.2 1.42 0.02 0.66 -0.04     1.75 0.99 
 14.2 1.42 0.04 0.72 0.00     1.78 1.01 
            
  Re=7.3E04  Re=3.6E04      Re*=7.3E04  
 1.6 1.30 -0.29 -0.03 -0.03     1.28 0.71 
 3.0 1.27 -0.21 0.11 -0.04     1.32 0.73 
 4.1 1.33 0.00 0.37 -0.09     1.51 0.84 
 5.1 1.37 -0.01 0.51 -0.06     1.62 0.90 
 6.1 1.42 0.01 0.56 -0.04     1.70 0.94 
 7.1 1.40 0.04 0.62 -0.06     1.71 0.95 
 8.1 1.42 0.00 0.64 -0.04     1.73 0.96 
 10.2 1.45 0.01 0.65 -0.04     1.77 0.98 
 14.2 1.40 0.00 0.68 0.00     1.74 0.97 
            
  Re=8.6E04  Re=4.2E04      Re*=8.6E04  
 1.6 1.31 -0.31 -0.03 -0.02     1.29 0.71 
 3.0 1.29 -0.23 0.13 -0.07     1.35 0.74 
 4.1 1.34 -0.01 0.38 -0.07     1.53 0.84 
 5.1 1.37 -0.02 0.48 -0.04     1.60 0.88 
 6.1 1.43 -0.02 0.57 -0.05     1.72 0.95 
 7.1 1.40 0.00 0.61 -0.03     1.70 0.94 
 8.1 1.41 -0.02 0.61 -0.04     1.71 0.94 
 10.2 1.44 -0.01 0.61 -0.03     1.74 0.96 
 14.2 1.41 0.00 0.65 0.00     1.73 0.96 
            
  Re=5.5E04  Re=4.0E04      Re*=5.5E04  
H1G 1.2 0.95 -0.03 -0.18 -0.08     0.82 0.46 
GT-Flow 2.1 0.88 -0.05 0.03 -0.01     0.90 0.51 
 2.7 0.89 0.01 0.18 -0.01     1.02 0.58 
 3.4 0.89 -0.01 0.29 -0.02     1.10 0.62 
 4.1 0.89 0.00 0.35 0.01     1.14 0.65 
 4.8 0.89 0.03 0.44 0.00     1.21 0.68 
 5.5 0.88 0.03 0.46 -0.01     1.22 0.69 
 6.9 0.92 0.02 0.52 -0.01     1.30 0.74 
 9.6 0.92 0.04 0.61 0.00     1.36 0.77 
            
  Re=7.0E04  Re=5.1E04      Re*=7.0E04  
 1.2 0.82 0.01 -0.12 -0.09     0.73 0.48 
 2.1 0.75 -0.11 0.11 -0.05     0.84 0.55 
 2.7 0.76 -0.03 0.26 -0.01     0.95 0.63 
 3.4 0.76 -0.01 0.35 -0.02     1.02 0.67 
 4.1 0.76 0.02 0.39 0.01     1.05 0.70 
 4.8 0.75 0.04 0.45 0.01     1.07 0.71 
 5.5 0.77 0.02 0.48 0.00     1.12 0.74 
 6.9 0.76 0.01 0.48 0.00     1.11 0.74 
 9.6 0.76 0.04 0.57 0.01     1.18 0.78 
            
  Re=8.0E04  Re=5.9E04      Re*=8.0E04  
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 1.2 0.76 0.02 -0.10 -0.11     0.69 0.48 
 2.1 0.69 -0.09 0.15 -0.07     0.80 0.56 
 2.7 0.69 -0.03 0.30 -0.01     0.91 0.64 
 3.4 0.69 -0.02 0.39 -0.02     0.97 0.68 
 4.1 0.69 0.01 0.42 0.00     0.99 0.70 
 4.8 0.67 0.00 0.45 0.00     1.00 0.70 
 5.5 0.68 0.00 0.47 -0.01     1.02 0.72 
 6.9 0.69 0.00 0.47 0.00     1.04 0.73 
 9.6 0.71 0.00 0.58 0.02     1.13 0.79 
            
  Re=5.8E04  Re=4.2E04      Re*=5.7E04  
H1G 1.2 1.09 -0.20 -0.16 -0.04     0.97 0.47 
SM-Flow 2.1 1.17 -0.13 -0.23 0.04     1.01 0.49 
 2.7 1.25 0.02 0.16 -0.04     1.36 0.66 
 3.4 1.04 -0.02 -0.16 0.00     0.93 0.45 
 4.1 1.15 0.01 0.15 -0.03     1.26 0.61 
 4.8 1.36 0.04 0.41 -0.03     1.66 0.80 
 5.5 1.33 0.04 0.45 -0.02     1.66 0.80 
 6.9 1.35 0.05 0.45 -0.02     1.69 0.81 
 9.6 1.34 0.03 0.49 -0.02     1.70 0.82 
            
  Re=7.3E04  Re=5.3E04      Re*=7.3E04  
 1.2 1.08 -0.24 -0.15 -0.04     0.97 0.47 
 2.1 1.17 -0.15 -0.27 0.03     0.97 0.47 
 2.7 1.23 0.00 0.13 -0.02     1.32 0.64 
 3.4 1.04 -0.03 -0.16 -0.02     0.92 0.45 
 4.1 1.00 -0.02 -0.09 -0.02     0.93 0.45 
 4.8 1.30 0.02 0.40 -0.03     1.60 0.77 
 5.5 1.31 0.01 0.44 -0.01     1.64 0.79 
 6.9 1.34 0.01 0.43 -0.02     1.65 0.80 
 9.6 1.35 0.01 0.47 -0.01     1.69 0.82 
            
  Re=8.6E04  Re=6.3E04      Re*=8.5E04  
 1.2 1.06 -0.23 -0.12 -0.03     0.97 0.47 
 2.1 1.18 -0.16 -0.28 0.01     0.97 0.47 
 2.7 1.20 -0.01 0.03 -0.04     1.22 0.59 
 3.4 1.04 -0.04 -0.18 -0.03     0.91 0.44 
 4.1 1.00 -0.02 -0.11 -0.02     0.92 0.44 
 4.8 1.32 0.00 0.38 -0.05     1.60 0.77 
 5.5 1.30 0.00 0.43 -0.03     1.61 0.77 
 6.9 1.30 0.00 0.40 -0.03     1.59 0.76 
 9.6 1.30 0.00 0.46 -0.02     1.63 0.79 
            
  Re=2.8E04  Re=5.6E04      Re*=5.6E04  
FH1-Center 1.5 0.64 -0.10 0.31 -0.04     0.62 0.42 
GT-Flow 2 0.74 -0.03 0.25 -0.03     0.62 0.42 
 2.5 0.77 -0.03 0.24 -0.02     0.62 0.42 
 3 0.83 -0.03 0.24 -0.03     0.65 0.44 
 4 0.74 -0.05 0.29 -0.03     0.66 0.44 
 5 1.08 -0.01 0.48 0.00     1.01 0.68 
 6 1.15 0.00 0.46 -0.04     1.02 0.69 
 8 1.22 -0.01 0.47 0.00     1.07 0.72 
 10 1.19 -0.01 0.54 -0.05     1.12 0.75 
 15 1.12 0.00 0.59 -0.04     1.15 0.77 
            
  Re=3.5E04  Re=7.1E04      Re*=7.0E04  
 1.5 0.62 -0.10 0.28 -0.01     0.59 0.43 
 2 0.74 -0.04 0.21 -0.01     0.58 0.42 
 2.5 0.73 -0.04 0.21 0.00     0.57 0.41 
 3 0.76 -0.05 0.23 -0.01     0.61 0.44 
 4 0.82 -0.06 0.37 -0.01     0.78 0.56 
 5 1.03 -0.02 0.47 0.00     0.98 0.71 
 6 1.00 -0.01 0.48 -0.03     0.98 0.71 
 8 1.06 -0.02 0.47 0.00     0.99 0.72 
 10 1.08 -0.02 0.52 -0.03     1.06 0.77 
 15 1.10 -0.01 0.56 -0.06     1.10 0.80 
            
  Re=4.0E04  Re=8.1E04      Re*=8.1E04  
 1.5 0.62 -0.10 0.28 0.00     0.58 0.43 
 2 0.72 -0.05 0.22 0.00     0.57 0.42 
 2.5 0.76 -0.04 0.21 0.02     0.59 0.44 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 3 0.81 -0.05 0.35 0.00     0.75 0.55 
 4 0.85 -0.06 0.43 -0.02     0.85 0.63 
 5 1.01 -0.02 0.47 0.00     0.97 0.72 
 6 0.96 -0.01 0.49 -0.01     0.96 0.71 
 8 1.00 -0.02 0.50 0.01     0.99 0.73 
 10 1.05 -0.01 0.53 -0.01     1.04 0.77 
 15 1.07 -0.01 0.56 -0.05     1.09 0.80 
            
  Re=2.9E04  Re=5.8E04      Re*=5.8E04  
FH1, Center 1.5 0.72 -0.09 0.31 -0.08     0.66 0.38 
SM-Flow 2 0.77 0.00 0.21 -0.02     0.59 0.34 
 2.5 0.82 0.00 0.20 0.00     0.60 0.34 
 3 0.81 0.00 0.18 -0.03     0.58 0.33 
 4 0.88 0.01 0.21 -0.03     0.64 0.37 
 5 0.97 -0.02 0.34 -0.06     0.82 0.47 
 6 1.13 -0.02 0.46 -0.01     1.02 0.58 
 8 1.14 -0.02 0.47 -0.01     1.04 0.59 
 10 1.16 -0.01 0.51 -0.04     1.08 0.61 
 15 1.18 -0.01 0.57 -0.05     1.15 0.65 
            
  Re=3.6E04  Re=7.3E04      Re*=7.3E04  
 1.5 0.73 -0.09 0.27 -0.05     0.63 0.35 
 2 0.77 -0.01 0.17 0.00     0.55 0.30 
 2.5 0.83 -0.01 0.16 0.02     0.57 0.31 
 3 0.79 -0.02 0.16 -0.01     0.55 0.30 
 4 0.88 0.00 0.19 -0.01     0.63 0.35 
 5 1.10 -0.02 0.46 -0.01     1.00 0.55 
 6 1.15 -0.02 0.45 0.01     1.01 0.56 
 8 1.18 -0.02 0.46 0.00     1.04 0.58 
 10 1.19 -0.01 0.49 -0.02     1.07 0.59 
 15 1.20 -0.01 0.53 -0.05     1.13 0.62 
            
  Re=4.2E04  Re=8.6E04      Re*=8.6E04  
 1.5 0.72 -0.08 0.23 -0.01     0.58 0.32 
 2 0.77 -0.02 0.16 0.01     0.54 0.29 
 2.5 0.83 -0.01 0.14 0.03     0.55 0.30 
 3 0.79 -0.03 0.14 0.00     0.53 0.29 
 4 0.87 -0.01 0.20 0.00     0.62 0.34 
 5 1.09 0.00 0.45 0.00     0.99 0.54 
 6 1.14 -0.01 0.45 0.01     1.01 0.55 
 8 1.22 -0.02 0.46 0.01     1.06 0.58 
 10 1.20 -0.01 0.47 -0.01     1.07 0.58 
 15 1.21 -0.01 0.52 -0.03     1.11 0.61 
            
  Re=2.7E04  Re=2.7E04  Re=2.7E04    Re*=2.7E04  
FFF 2 0.96 -0.06 -0.16 -0.04 0.47 -0.09   1.26 0.35 
GT-Flow 2.5 0.87 -0.02 -0.02 -0.02 0.44 -0.09   1.29 0.36 
 3 1.02 0.00 0.23 -0.04 0.39 -0.07   1.63 0.46 
 4 1.18 0.00 0.28 -0.04 0.31 -0.07   1.76 0.49 
 5 1.22 -0.01 0.31 -0.06 0.34 -0.06   1.87 0.52 
 6 1.27 0.00 0.36 -0.06 0.38 -0.07   2.01 0.56 
 7 1.31 0.00 0.46 -0.02 0.44 -0.04   2.21 0.62 
            
  Re=4.0E04  Re=4.0E04  Re=4.0E04    Re*=4.0E04  
 2 0.96 -0.06 -0.10 -0.03 0.34 -0.11   1.20 0.33 
 2.5 0.89 -0.08 0.03 -0.02 0.39 -0.08   1.31 0.36 
 3 0.90 -0.05 0.22 -0.04 0.41 -0.08   1.53 0.42 
 3.5 1.11 -0.03 0.30 -0.08 0.32 -0.04   1.73 0.47 
 4 1.16 -0.02 0.33 -0.05 0.32 -0.04   1.80 0.49 
 5 1.16 -0.03 0.37 -0.04 0.34 -0.06   1.87 0.51 
 7 1.24 -0.03 0.44 -0.02 0.36 -0.07   2.04 0.56 
            
  Re=2.8E04  Re=2.8E04  Re=2.8E04    Re*=2.8E04  
FFF 2 1.01 -0.01 -0.16 -0.02 0.57 -0.07   1.43 0.42 
SM-Flow 2.5 0.91 0.02 -0.05 -0.02 0.68 0.00   1.54 0.45 
 3 0.83 -0.02 -0.06 -0.03 0.65 -0.01   1.42 0.41 
 3.5 0.82 0.00 0.01 -0.03 0.63 -0.04   1.46 0.42 
 4 1.08 -0.03 0.34 -0.02 0.35 -0.04   1.76 0.51 
 5 1.07 0.00 0.41 -0.02 0.40 -0.05   1.88 0.55 
 7 1.15 0.00 0.48 -0.01 0.47 -0.04   2.10 0.61 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
  Re=4.2E04  Re=4.2E04  Re=4.2E04    Re*=4.2E04  
 2 1.04 -0.01 -0.19 -0.03 0.64 -0.06   1.49 0.41 
 2.5 0.97 -0.02 -0.05 -0.01 0.54 -0.01   1.46 0.40 
 3 0.89 -0.02 -0.05 -0.03 0.61 -0.03   1.44 0.40 
 3.5 0.88 -0.02 -0.01 -0.02 0.58 -0.02   1.45 0.40 
 4 1.21 -0.03 0.30 -0.02 0.32 -0.02   1.84 0.51 
 5 1.17 -0.02 0.41 0.01 0.37 -0.03   1.94 0.54 
 7 1.21 -0.02 0.45 0.00 0.42 -0.04   2.07 0.57 
            
  Re=4.0E04  Re=4.0E04  Re=4.0E04    Re*=4.0E04  
GGG 1.5 0.94 -0.07 -0.19 -0.03 0.24 -0.02   0.99 0.28 
GT-Flow 2 0.90 -0.14 -0.02 -0.01 0.31 -0.02   1.19 0.33 
 2.5 0.90 -0.13 0.12 -0.03 0.38 -0.05   1.41 0.39 
 3 0.89 -0.14 0.20 -0.03 0.42 -0.04   1.50 0.42 
 3.5 0.94 -0.14 0.36 -0.04 0.43 -0.04   1.74 0.48 
 4 0.93 -0.16 0.42 -0.03 0.41 -0.04   1.76 0.49 
 5 0.94 -0.14 0.47 -0.02 0.45 -0.06   1.86 0.52 
            
  Re=5.9E04  Re=5.9E04  Re=5.9E04    Re*=5.9E04  
 1.5 0.77 -0.07 -0.08 -0.03 0.27 -0.01   0.96 0.34 
 2 0.75 -0.15 0.11 -0.02 0.34 -0.01   1.21 0.43 
 2.5 0.76 -0.16 0.23 -0.03 0.39 -0.04   1.37 0.49 
 3 0.79 -0.17 0.33 -0.02 0.39 -0.02   1.50 0.54 
 3.5 0.82 -0.18 0.39 -0.03 0.40 -0.04   1.61 0.58 
 4 0.82 -0.18 0.41 -0.02 0.39 -0.03   1.62 0.58 
 5 0.83 -0.18 0.45 -0.02 0.42 -0.04   1.70 0.61 
            
  Re=4.3E04  Re=4.3E04  Re=4.3E04    Re*=4.3E04  
GGG 1.5 1.04 0.00 -0.30 -0.04 0.40 -0.03   1.15 0.32 
SM-Flow 2 0.99 -0.04 -0.21 -0.02 0.66 0.01   1.44 0.41 
 2.5 0.96 -0.03 0.04 -0.01 0.67 -0.03   1.67 0.47 
 3 0.92 -0.03 -0.08 -0.02 0.66 -0.03   1.49 0.42 
 3.5 0.86 -0.04 -0.06 -0.04 0.65 -0.06   1.45 0.41 
 4 1.23 -0.04 0.35 -0.02 0.34 -0.02   1.91 0.54 
 5 1.20 -0.04 0.37 -0.01 0.38 -0.03   1.96 0.55 
            
  Re=6.3E04  Re=6.3E04  Re=6.3E04    Re*=6.3E04  
 1.5 1.04 -0.02 -0.30 -0.03 0.40 -0.02   1.14 0.32 
 2 0.99 -0.04 -0.25 -0.03 0.58 0.00   1.32 0.37 
 2.5 0.95 -0.04 -0.02 -0.02 0.59 -0.05   1.52 0.43 
 3 0.91 -0.04 -0.08 -0.01 0.61 -0.03   1.43 0.40 
 3.5 0.87 -0.04 -0.06 -0.02 0.57 -0.07   1.39 0.39 
 4 1.23 -0.04 0.32 -0.04 0.33 -0.02   1.88 0.53 
 5 1.23 -0.04 0.35 -0.05 0.36 -0.04   1.94 0.55 
            
  Re=2.7E04  Re=2.7E04  Re=5.5E04    Re=5.5E04  
FFH1 2 0.91 0.03 -0.06 -0.13 0.44 -0.76   0.86 0.41 
GT-Flow 2.5 0.92 -0.04 -0.08 -0.06 0.56 -0.42   0.97 0.47 
 3 0.87 -0.07 -0.02 -0.13 0.56 -0.18   0.98 0.47 
 3.5 1.16 -0.07 0.18 -0.07 0.49 -0.03   1.15 0.56 
 4 1.20 -0.07 0.21 -0.07 0.45 -0.01   1.15 0.55 
 5 1.19 -0.07 0.33 -0.04 0.44 -0.01   1.19 0.58 
 7 1.26 -0.05 0.42 -0.01 0.48 -0.04   1.31 0.63 
  Re=4.0E04  Re=4.0E04  Re=8.0E04    Re=8.0E04  
 2 0.89 -0.06 -0.08 -0.05 0.45 -0.37   0.85 0.44 
 2.5 0.89 -0.10 -0.08 -0.04 0.51 -0.14   0.91 0.47 
 3 0.93 -0.11 0.04 -0.16 0.49 -0.01   0.97 0.50 
 3.5 1.11 -0.11 0.20 -0.15 0.45 0.02   1.10 0.56 
 4 1.14 -0.11 0.23 -0.07 0.44 0.03   1.11 0.57 
 5 1.14 -0.09 0.31 -0.04 0.43 0.03   1.15 0.59 
 7 1.21 -0.07 0.39 -0.02 0.43 0.02   1.22 0.62 
            
  Re=2.8E04  Re=2.8E04  Re=5.7E04    Re=5.7E04  
FFH1 2 0.99 0.04 0.03 -0.18 0.34 -1.06   0.85 0.36 
SM-Flow 2.5 0.84 -0.04 -0.26 -0.07 0.61 -0.86   0.90 0.39 
 3 0.89 -0.03 -0.07 -0.05 0.66 -0.33   1.07 0.46 
 3.5 0.84 -0.04 -0.04 -0.03 0.64 -0.26   1.04 0.44 
 4 1.07 -0.03 0.22 -0.04 0.48 -0.04   1.12 0.48 
 5 1.09 -0.01 0.31 -0.03 0.46 0.01   1.15 0.49 
 7 1.17 0.00 0.46 -0.02 0.49 -0.02   1.29 0.55 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
  Re=4.2E04  Re=4.2E04  Re=8.5E04    Re=8.5E04  
 2 1.00 0.00 0.07 -0.12 0.33 -1.12   0.85 0.35 
 2.5 0.90 -0.04 -0.26 -0.05 0.59 -0.95   0.90 0.37 
 3 0.90 -0.07 -0.11 -0.04 0.60 -0.15   0.99 0.41 
 3.5 0.87 -0.04 -0.05 -0.03 0.59 -0.13   0.99 0.41 
 4 0.87 -0.09 -0.02 -0.01 0.59 -0.11   1.01 0.42 
 5 1.18 -0.05 0.30 -0.03 0.44 0.04   1.17 0.48 
 7 1.21 -0.03 0.41 -0.02 0.45 0.03   1.25 0.51 
            
  Re=2.7E04  Re=5.4E04  Re=2.7E04    Re*=5.4E04  
FH1F 2 1.07 0.79 0.34 -0.99 -0.01 0.18   0.86 0.41 
GT-Flow 2.5 0.99 -0.07 0.39 -0.77 0.04 0.18   0.89 0.43 
 3 0.95 -0.08 0.41 -0.71 0.15 0.23   0.95 0.46 
 3.5 1.01 -0.07 0.52 -0.27 0.15 0.08   1.09 0.53 
 4 1.17 -0.07 0.48 -0.15 0.27 0.07   1.20 0.58 
 5 1.16 -0.08 0.47 -0.04 0.29 0.06   1.18 0.57 
 7 1.28 -0.05 0.50 -0.10 0.43 -0.02   1.34 0.65 
            
  Re=3.9E04  Re=8.0E04  Re=3.9E04    Re*=8.0E04  
 2 1.00 0.92 0.32 -0.73 -0.02 0.18   0.81 0.41 
 2.5 0.93 -0.09 0.37 -0.37 0.06 0.15   0.86 0.44 
 3 0.91 -0.11 0.38 -0.37 0.20 0.15   0.93 0.48 
 3.5 0.99 -0.10 0.46 -0.07 0.20 0.03   1.05 0.54 
 4 1.08 -0.11 0.46 -0.04 0.26 0.04   1.12 0.57 
 5 1.09 -0.11 0.47 0.02 0.31 0.05   1.16 0.59 
 7 1.22 -0.08 0.48 -0.02 0.38 0.00   1.27 0.65 
            
  Re=2.8E04  Re=5.6E04  Re=2.8E04    Re*=5.6E04  
FH1F 2 1.19 -0.06 0.29 -1.35 0.10 0.12   0.93 0.40 
SM-Flow 2.5 1.09 -0.07 0.36 -1.14 0.11 0.11   0.95 0.41 
 3 0.97 -0.08 0.37 -1.07 0.10 0.17   0.90 0.38 
 3.5 0.96 -0.06 0.43 -1.01 0.11 0.20   0.95 0.41 
 4 1.09 -0.03 0.50 -0.17 0.22 0.05   1.15 0.49 
 5 1.14 -0.03 0.46 -0.02 0.33 0.06   1.19 0.51 
 7 1.16 -0.02 0.50 -0.05 0.40 0.02   1.27 0.55 
            
  Re=4.1E04  Re=8.4E04  Re=4.1E04    Re*=8.4E04  
 2 1.26 -0.03 0.29 -1.39 0.04 0.06   0.93 0.38 
 2.5 1.10 -0.11 0.35 -1.21 0.04 0.08   0.92 0.38 
 3 1.00 -0.08 0.37 -1.15 0.06 0.15   0.89 0.37 
 3.5 0.97 -0.07 0.42 -1.08 0.08 0.18   0.94 0.39 
 4 1.12 -0.04 0.47 -0.05 0.28 0.02   1.16 0.48 
 5 1.17 -0.04 0.45 0.06 0.31 0.04   1.17 0.48 
 7 1.21 -0.04 0.46 -0.12 0.37 0.01   1.24 0.51 
            
  Re=5.5E04  Re=2.7E04  Re=5.5E04    Re*=5.5E04  
H1FF 2 0.83 -0.24 -0.04 0.02 0.11 0.09   0.87 0.42 
GT-Flow 2.5 0.88 -0.05 -0.03 0.10 0.25 0.08   0.99 0.48 
 3 0.84 0.02 0.05 0.04 0.35 0.14   1.04 0.50 
 3.5 0.85 0.05 0.11 0.07 0.44 0.12   1.12 0.54 
 4 0.86 0.06 0.16 0.08 0.48 0.12   1.18 0.57 
 5 0.86 0.03 0.29 0.13 0.62 0.07   1.31 0.63 
 7 0.88 0.03 0.53 0.12 0.57 0.02   1.43 0.69 
            
  Re=8.0E04  Re=3.9E04  Re=3.9E04    Re*=8.0E04  
 2 0.73 -0.35 -0.04 0.51 0.23 -0.06   0.82 0.42 
 2.5 0.74 -0.12 0.00 0.49 0.33 -0.01   0.91 0.46 
 3 0.71 0.02 0.11 0.24 0.38 0.06   0.95 0.49 
 3.5 0.71 -0.01 0.19 0.18 0.44 0.08   1.02 0.52 
 4 0.70 -0.02 0.28 0.20 0.46 0.07   1.06 0.54 
 5 0.72 -0.01 0.41 0.18 0.52 0.04   1.18 0.60 
 7 0.72 0.00 0.54 0.12 0.48 0.00   1.23 0.63 
            
  Re=5.7E04  Re=2.8E04  Re=2.8E04    Re*=5.7E04  
H1FF 2 1.04 -0.03 -0.02 -0.06 0.01 0.07   1.04 0.44 
SM-Flow 2.5 1.18 -0.10 0.14 0.01 0.55 -0.01   1.53 0.65 
 3 1.12 -0.06 0.03 0.05 0.58 0.01   1.42 0.61 
 3.5 1.12 -0.03 0.03 0.01 0.63 0.01   1.45 0.62 
 4 1.22 0.04 0.33 -0.10 0.71 -0.03   1.73 0.74 
 5 1.11 0.02 0.29 -0.03 0.67 0.04   1.59 0.68 
 7 1.30 0.03 0.62 -0.06 0.59 -0.01   1.90 0.82 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
            
  Re=8.6E04  Re=4.2E04  Re=4.2E04    Re*=8.6E04  
 2 1.08 -0.06 -0.04 -0.04 0.05 0.00   1.09 0.45 
 2.5 1.23 -0.12 0.14 -0.01 0.58 -0.03   1.58 0.65 
 3 1.15 -0.08 0.02 0.02 0.56 0.03   1.44 0.59 
 3.5 1.14 -0.04 0.00 0.02 0.60 0.02   1.44 0.59 
 4 1.24 0.01 0.30 -0.07 0.65 -0.02   1.70 0.70 
 5 1.10 0.00 0.20 -0.01 0.63 0.01   1.51 0.62 
 7 1.32 0.01 0.60 -0.06 0.52 -0.02   1.87 0.77 
            
  Re=5.5E04  Re=4.0E04  Re=2.7E04    Re*=5.5E04  
H1GF 2 0.85 -0.36 -0.13 -0.10 0.07 0.35   0.80 0.34 
GT-Flow 2.5 0.87 -0.16 -0.10 -0.01 0.16 0.24   0.88 0.37 
 3 0.79 -0.07 -0.02 0.00 0.24 0.21   0.89 0.38 
 3.5 0.78 -0.02 0.06 0.01 0.29 0.16   0.97 0.41 
 4 0.77 -0.02 0.17 0.00 0.35 0.11   1.07 0.45 
 5 0.78 0.03 0.24 -0.02 0.52 0.07   1.21 0.51 
 7 0.82 0.02 0.44 0.01 0.47 0.05   1.38 0.58 
            
  Re=8.0E04  Re=5.8E04  Re=4.0E04    Re*=8.0E04  
 2 0.74 -0.46 -0.12 0.27 0.17 0.09   0.74 0.36 
 2.5 0.69 -0.26 0.04 -0.03 0.24 0.30   0.84 0.41 
 3 0.66 -0.08 0.08 -0.05 0.29 0.22   0.85 0.42 
 3.5 0.65 -0.01 0.17 -0.02 0.34 0.15   0.94 0.46 
 4 0.65 -0.02 0.26 -0.02 0.39 0.10   1.03 0.51 
 5 0.66 0.00 0.35 -0.01 0.50 0.04   1.16 0.57 
 7 0.69 0.00 0.44 -0.01 0.47 0.04   1.24 0.61 
            
  Re=5.8E04  Re=4.2E04  Re=2.8E04    Re*=5.8E04  
H1GF 2 1.08 -0.08 -0.13 0.00 -0.02 0.06   0.97 0.37 
SM-Flow 2.5 1.22 -0.21 -0.22 -0.05 0.50 0.15   1.30 0.50 
 3 1.17 -0.10 -0.22 -0.02 0.53 0.15   1.27 0.48 
 3.5 1.07 -0.06 -0.24 0.01 0.53 0.17   1.15 0.44 
 4 1.15 0.03 0.09 -0.03 0.64 0.00   1.53 0.58 
 5 0.97 0.00 -0.17 -0.02 0.70 0.05   1.20 0.45 
 7 1.24 0.04 0.40 -0.02 0.47 0.03   1.76 0.67 
            
  Re=8.5E04  Re=6.2E04  Re=4.2E04    Re*=8.5E04  
 2 1.12 -0.12 -0.13 -0.01 -0.03 0.05   1.01 0.38 
 2.5 1.26 -0.21 -0.26 -0.12 0.56 0.12   1.35 0.50 
 3 1.21 -0.09 -0.26 -0.06 0.54 0.16   1.29 0.48 
 3.5 1.13 -0.06 -0.24 -0.03 0.56 0.13   1.24 0.46 
 4 1.15 0.00 -0.05 -0.06 0.61 0.03   1.41 0.53 
 5 1.02 -0.01 -0.14 -0.03 0.67 0.03   1.25 0.46 
 7 1.28 0.02 0.39 -0.07 0.47 0.02   1.79 0.67 
            
  Re=2.7E04  Re=4.0E04  Re=5.6E04    Re*=5.6E04  
FGH 2 0.90 -0.15 0.12 -0.17 0.25 -0.60   0.79 0.33 
GT-Flow 2.5 0.93 -0.05 0.14 -0.03 0.40 -0.44   0.96 0.41 
 3 0.75 -0.15 0.09 -0.11 0.48 -0.09   0.91 0.38 
 3.5 1.05 -0.03 0.23 -0.12 0.39 0.05   1.08 0.46 
 4 1.08 -0.18 0.25 -0.11 0.33 0.04   1.05 0.44 
 5 1.19 -0.03 0.30 -0.09 0.41 0.03   1.22 0.52 
 7 1.23 -0.15 0.40 -0.10 0.44 -0.02   1.34 0.57 
            
  Re=4.0E04  Re=5.9E04  Re=8.1E04    Re*=8.1E04  
 2 0.85 -0.13 0.14 0.01 0.25 -0.30   0.78 0.38 
 2.5 0.86 -0.09 0.08 0.11 0.41 -0.16   0.90 0.44 
 3 0.78 -0.16 0.07 -0.01 0.44 0.02   0.88 0.43 
 3.5 1.02 -0.07 0.22 -0.13 0.39 0.11   1.05 0.52 
 4 1.06 -0.14 0.25 -0.08 0.36 0.08   1.06 0.52 
 5 1.12 -0.04 0.29 -0.14 0.42 0.06   1.18 0.58 
 7 1.17 -0.12 0.37 -0.08 0.42 0.01   1.26 0.62 
            
  Re=2.9E04  Re=4.2E04  Re=5.8E04    Re*=5.8E04  
FGH 2 1.01 -0.05 0.13 -0.19 0.18 -0.79   0.77 0.29 
SM-Flow 2.5 0.96 -0.08 -0.02 -0.76 0.36 -0.53   0.82 0.31 
 3 0.80 -0.03 0.10 -0.27 0.46 -0.21   0.93 0.35 
 3.5 0.72 -0.03 0.09 -0.11 0.51 -0.48   0.93 0.36 
 4 0.71 -0.04 0.06 -0.05 0.53 -0.22   0.92 0.35 
 5 1.12 -0.05 0.33 -0.06 0.40 0.04   1.20 0.46 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 7 1.18 0.06 0.41 -0.08 0.47 0.02   1.35 0.51 
            
  Re=4.2E04  Re=6.3E04  Re=8.6E04    Re*=8.6E04  
 2 1.00 -0.08 0.08 -0.25 0.21 -0.80   0.76 0.28 
 2.5 0.97 -0.09 -0.06 -0.83 0.41 -0.53   0.84 0.31 
 3 0.84 -0.07 0.09 -0.13 0.45 -0.41   0.92 0.34 
 3.5 0.80 -0.04 0.09 0.00 0.50 -0.71   0.97 0.36 
 4 0.77 -0.07 0.03 0.01 0.51 -0.07   0.91 0.34 
 5 1.15 -0.05 0.29 -0.08 0.41 0.07   1.19 0.44 
 7 1.23 -0.02 0.36 -0.04 0.44 0.03   1.31 0.49 
            
  Re=2.6E04  Re=2.6E04  Re=2.6E04  Re=2.6E04  Re*=2.6E04  
FFFF 2 1.01 -0.02 -0.21 -0.07 0.33 -0.02 0.55 -0.02 1.69 0.35 
GT-Flow 2.5 0.92 -0.02 -0.06 -0.07 0.44 -0.02 0.51 -0.03 1.80 0.38 
 3 0.89 -0.10 0.05 -0.07 0.41 -0.04 0.46 0.01 1.81 0.38 
 3.5 1.08 -0.01 0.27 -0.07 0.36 -0.03 0.39 -0.01 2.10 0.44 
 4 1.05 -0.06 0.32 -0.06 0.30 -0.03 0.37 -0.01 2.05 0.43 
 5 1.06 -0.07 0.41 -0.05 0.38 -0.02 0.45 -0.02 2.31 0.48 
  Re=4.0E04  Re=4.0E04  Re=4.0E04  Re=4.0E04  Re*=4.0E04  
 2 0.86 -0.08 -0.11 -0.03 0.26 -0.02 0.43 -0.02 1.44 0.29 
 2.5 0.82 -0.07 0.01 -0.04 0.34 -0.03 0.42 -0.02 1.59 0.33 
 3 0.83 -0.11 0.10 -0.05 0.35 -0.04 0.39 0.01 1.67 0.34 
 3.5 0.99 -0.05 0.30 -0.07 0.33 -0.03 0.37 0.00 1.99 0.41 
 4 0.97 -0.04 0.34 -0.04 0.30 -0.03 0.37 -0.01 1.99 0.41 
 5 1.01 -0.06 0.38 -0.04 0.36 -0.02 0.43 -0.01 2.19 0.45 
            
  Re=2.8E04  Re=2.8E04  Re=2.8E04  Re=2.8E04  Re*=2.8E04  
FFFF 2 0.94 -0.02 -0.19 -0.04 0.34 -0.01 0.55 0.00 1.64 0.36 
SM-Flow 2.5 0.86 -0.03 -0.12 -0.04 0.41 -0.02 0.48 -0.02 1.63 0.35 
 3 0.89 -0.02 -0.08 -0.03 0.53 -0.01 0.51 0.03 1.85 0.40 
 3.5 0.87 -0.07 -0.02 -0.05 0.59 -0.03 0.54 0.00 1.99 0.43 
 4 1.09 -0.05 0.31 -0.01 0.29 0.00 0.39 0.00 2.09 0.45 
 5 1.09 -0.07 0.37 -0.02 0.36 0.00 0.45 0.00 2.27 0.49 
  Re=4.2E04  Re=4.2E04  Re=4.2E04  Re=4.2E04  Re*=4.2E04  
 2 0.92 -0.04 -0.21 -0.03 0.32 -0.01 0.51 0.00 1.54 0.32 
 2.5 0.88 -0.04 -0.11 -0.02 0.39 -0.02 0.49 -0.01 1.65 0.34 
 3 0.85 -0.06 -0.08 -0.02 0.54 -0.02 0.51 0.02 1.82 0.38 
 3.5 0.84 -0.08 -0.04 -0.02 0.51 -0.04 0.52 0.00 1.83 0.38 
 4 1.11 -0.03 0.29 0.00 0.28 0.00 0.35 0.00 2.04 0.42 
 5 1.12 -0.05 0.33 -0.02 0.34 0.00 0.40 -0.01 2.19 0.45 
            
  Re=5.4E04  Re=2.6E04  Re=5.4E04  Re=2.6E04  Re*=5.4E04  
H1FH1F 2 0.79 -0.16 -0.11 0.04 0.14 -0.10 0.05 0.32 0.89 0.30 
GT-Flow 2.5 0.76 -0.03 -0.08 0.04 0.22 -0.02 0.12 0.27 1.00 0.34 
 3 0.79 -0.01 -0.05 0.01 0.30 -0.04 0.25 0.23 1.19 0.40 
 3.5 0.81 0.05 0.03 -0.01 0.39 -0.03 0.30 0.18 1.37 0.46 
 4 0.81 0.04 0.12 -0.02 0.43 -0.07 0.38 0.17 1.49 0.50 
 5 0.83 0.01 0.27 0.06 0.45 -0.07 0.40 0.12 1.61 0.54 
  Re=8.0E04  Re=4.0E04  Re=8.0E04  Re=4.0E04  Re*=8.0E04  
 2 0.58 -0.28 -0.09 0.30 0.30 -0.05 0.01 0.21 0.84 0.31 
 2.5 0.58 -0.10 -0.02 0.11 0.32 -0.01 0.09 0.23 0.94 0.35 
 3 0.59 -0.02 0.04 0.07 0.36 0.01 0.20 0.20 1.06 0.39 
 3.5 0.59 -0.03 0.10 0.08 0.41 0.00 0.27 0.15 1.18 0.44 
 4 0.59 -0.04 0.16 0.11 0.41 -0.01 0.33 0.16 1.24 0.46 
 5 0.61 0.00 0.32 0.14 0.43 -0.03 0.36 0.10 1.38 0.51 
            
  Re=5.5E04  Re=2.8E04  Re=5.5E04  Re=2.8E04  Re*=5.5E04  
H1FH1F 2 1.09 -0.01 -0.11 0.03 -0.20 -0.06 0.11 0.29 0.89 0.25 
SM-Flow 2.5 1.03 -0.03 -0.06 0.11 0.14 -0.01 0.40 0.24 1.34 0.38 
 3 0.98 0.00 -0.06 0.07 -0.01 -0.02 0.44 0.26 1.15 0.33 
 3.5 0.92 0.01 -0.08 0.03 -0.04 -0.01 0.40 0.26 1.04 0.29 
 4 1.23 0.07 0.25 -0.14 0.42 -0.03 0.45 0.08 1.98 0.56 
 5 1.16 0.04 0.38 -0.09 0.39 -0.03 0.40 0.06 1.93 0.55 
  Re=8.5E04  Re=4.2E04  Re=8.5E04  Re=4.2E04  Re*=8.5E04  
 2 1.00 -0.06 -0.09 0.02 -0.23 -0.06 0.14 0.28 0.79 0.22 
 2.5 1.01 -0.04 -0.10 0.11 0.11 -0.03 0.38 0.25 1.26 0.35 
 3 0.93 -0.02 -0.07 0.10 0.04 -0.02 0.43 0.23 1.15 0.31 
 3.5 0.89 0.00 -0.07 0.03 -0.04 -0.01 0.33 0.26 0.97 0.27 
 4 1.12 0.03 0.18 -0.08 0.38 -0.04 0.44 0.07 1.81 0.49 
 5 1.13 0.02 0.38 -0.10 0.35 -0.03 0.39 0.04 1.86 0.51 
            
 192 
 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
  Re=5.4E04  Re=2.6E04  Re=2.6E04  Re=5.4E04  Re*=5.4E04  
H1FFH1 2 0.74 -0.13 -0.04 -0.05 0.03 0.00 0.28 0.01 1.02 0.34 
GT-Flow 2.5 0.80 -0.10 -0.04 0.03 0.11 0.02 0.39 0.00 1.22 0.41 
 3 0.81 0.01 -0.03 -0.01 0.19 0.05 0.44 -0.01 1.33 0.45 
 3.5 0.81 0.05 0.10 0.01 0.29 0.05 0.48 -0.03 1.49 0.50 
 4 0.85 0.02 0.19 0.02 0.40 0.03 0.49 -0.04 1.63 0.55 
 5 0.84 0.01 0.32 0.09 0.46 0.01 0.48 -0.03 1.70 0.57 
            
  Re=8.0E04  Re=4.0E04  Re=4.0E04  Re=8.0E04  Re*=8.0E04  
 2 0.59 -0.34 -0.05 0.39 0.06 -0.08 0.32 0.05 0.92 0.34 
 2.5 0.59 -0.09 -0.01 0.14 0.13 -0.01 0.38 0.04 1.04 0.38 
 3 0.60 -0.03 0.03 0.15 0.21 0.02 0.41 0.03 1.13 0.42 
 3.5 0.61 -0.05 0.16 0.20 0.27 0.02 0.45 0.02 1.28 0.47 
 4 0.60 -0.03 0.21 0.19 0.31 0.03 0.44 0.02 1.30 0.48 
 5 0.62 -0.02 0.37 0.17 0.39 0.00 0.44 0.01 1.44 0.53 
            
  Re=5.6E04  Re=2.8E04  Re=2.8E04  Re=5.6E04  Re*=5.6E04  
H1FFH1 2 0.98 -0.03 -0.02 -0.07 -0.09 0.09 0.27 0.02 1.20 0.34 
SM-Flow 2.5 0.94 0.00 -0.02 -0.03 -0.12 0.10 0.20 0.02 1.07 0.30 
 3 1.09 -0.04 0.05 0.01 0.40 -0.11 0.47 -0.05 1.78 0.50 
 3.5 1.09 0.00 0.13 -0.09 0.49 -0.08 0.46 -0.06 1.86 0.52 
 4 1.15 0.06 0.29 -0.14 0.56 -0.05 0.41 -0.03 1.98 0.56 
 5 1.10 0.07 0.27 -0.05 0.61 -0.02 0.47 -0.03 2.01 0.57 
  Re=8.5E04  Re=4.2E04  Re=4.2E04  Re=8.5E04  Re*=8.5E04  
 2 0.97 -0.05 0.00 -0.05 -0.12 0.08 0.25 0.00 1.15 0.32 
 2.5 0.89 -0.02 -0.01 -0.01 -0.13 0.10 0.19 0.01 1.01 0.28 
 3 1.07 -0.06 0.02 0.00 0.42 -0.10 0.43 -0.04 1.72 0.47 
 3.5 1.11 0.01 0.18 -0.07 0.47 -0.10 0.40 -0.05 1.83 0.50 
 4 1.11 0.02 0.30 -0.11 0.50 -0.06 0.38 -0.02 1.89 0.52 
 5 1.03 0.03 0.19 -0.01 0.53 -0.01 0.45 -0.02 1.83 0.50 
            
  Re=2.7E04  Re=5.4E04  Re=2.7E04  Re=5.4E04  Re*=5.4E04  
FH1FH1 2 0.85 0.57 0.24 -0.90 -0.06 0.12 0.18 0.02 0.81 0.27 
GT-Flow 2.5 0.81 -0.14 0.32 -0.77 -0.01 0.12 0.27 0.02 0.98 0.33 
 3 0.84 -0.17 0.35 -0.72 0.03 0.11 0.36 0.04 1.13 0.38 
 3.5 0.88 -0.15 0.47 -0.26 0.07 0.00 0.37 0.03 1.30 0.44 
 4 0.97 -0.10 0.44 -0.09 0.10 0.00 0.43 0.01 1.40 0.47 
 5 1.03 -0.25 0.45 -0.06 0.17 0.02 0.45 -0.01 1.49 0.50 
  Re=4.0E04  Re=8.0E04  Re=4.0E04  Re=8.0E04  Re*=8.0E04  
 2 0.79 0.72 0.22 -0.63 -0.11 0.15 0.31 0.08 0.87 0.32 
 2.5 0.76 -0.12 0.29 -0.37 -0.04 0.07 0.35 0.08 1.00 0.37 
 3 0.74 -0.15 0.31 -0.36 0.06 0.05 0.40 0.07 1.11 0.41 
 3.5 0.80 -0.14 0.40 -0.12 0.09 -0.01 0.38 0.06 1.22 0.45 
 4 0.86 -0.12 0.40 -0.02 0.11 -0.01 0.41 0.05 1.29 0.48 
 5 0.84 -0.17 0.48 -0.04 0.27 0.05 0.45 0.03 1.47 0.54 
            
  Re=2.8E04  Re=5.7E04  Re=2.8E04  Re=5.7E04  Re*=5.7E04  
FH1FH1 2 0.97 -0.13 0.17 -1.21 0.07 0.00 0.14 -0.07 0.83 0.23 
SM-Flow 2.5 0.83 -0.12 0.28 -1.04 0.06 0.05 0.17 -0.05 0.88 0.25 
 3 0.86 -0.13 0.34 -1.05 0.04 0.09 0.25 -0.01 1.03 0.29 
 3.5 0.80 -0.14 0.36 -1.03 0.04 0.13 0.31 0.01 1.09 0.31 
 4 0.91 -0.10 0.47 -0.14 0.13 0.03 0.43 0.01 1.41 0.40 
 5 0.99 -0.11 0.47 -0.04 0.24 0.05 0.48 0.00 1.55 0.44 
  Re=4.2E04  Re=8.5E04  Re=4.2E04  Re=8.5E04  Re*=8.5E04  
 2 1.05 -0.09 0.15 -1.23 0.07 -0.12 0.19 -0.10 0.90 0.25 
 2.5 0.88 -0.11 0.27 -1.10 0.02 0.02 0.22 -0.07 0.94 0.26 
 3 0.85 -0.14 0.30 -1.07 0.00 0.06 0.28 -0.03 1.01 0.28 
 3.5 0.80 -0.12 0.34 -1.05 0.01 0.11 0.34 0.00 1.07 0.29 
 4 0.93 -0.10 0.42 -0.20 0.13 0.03 0.40 0.04 1.34 0.37 
 5 0.99 -0.08 0.43 0.05 0.23 0.02 0.44 0.03 1.47 0.40 
            
  Re=2.6E04  Re=5.4E04  Re=5.4E04  Re=2.6E04  Re*=5.4E04  
FH1H1F 2 0.98 0.51 0.25 -0.36 0.03 -0.04 0.00 0.22 0.77 0.26 
GT-Flow 2.5 1.03 -0.12 0.26 -1.02 0.13 -0.07 0.17 0.25 0.98 0.33 
 3 0.92 -0.13 0.30 -0.82 0.15 -0.01 0.15 0.31 0.98 0.33 
 3.5 0.97 -0.12 0.42 -0.35 0.20 0.04 0.19 0.14 1.19 0.40 
 4 1.07 -0.09 0.43 -0.12 0.29 0.03 0.28 0.10 1.39 0.47 
 5 1.08 -0.04 0.42 -0.06 0.35 0.03 0.38 0.09 1.49 0.50 
  Re=4.0E04  Re=8.0E04  Re=8.0E04  Re=4.0E04  Re*=8.0E04  
 2 0.86 0.89 0.15 -0.45 0.13 -0.08 0.00 0.20 0.71 0.26 
 2.5 0.86 -0.06 0.26 -0.42 0.18 -0.01 0.08 0.16 0.90 0.33 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 3 0.81 -0.10 0.27 -0.41 0.21 0.04 0.15 0.20 0.95 0.35 
 3.5 0.86 -0.09 0.34 -0.09 0.24 0.09 0.19 0.07 1.11 0.41 
 4 0.96 -0.09 0.37 -0.03 0.29 0.07 0.27 0.07 1.26 0.47 
 5 0.94 -0.08 0.39 -0.01 0.36 0.05 0.37 0.07 1.39 0.51 
            
  Re=2.8E04  Re=5.7E04  Re=5.7E04  Re=2.8E04  Re*=5.7E04  
FH1H1F 2 0.97 -0.01 0.25 -0.28 -0.04 -0.02 0.03 0.25 0.69 0.20 
SM-Flow 2.5 1.02 -0.07 0.27 -1.36 0.07 -0.11 0.24 0.22 0.96 0.27 
 3 0.96 -0.10 0.33 -1.14 0.07 -0.07 0.20 0.32 0.97 0.28 
 3.5 0.88 -0.09 0.33 -1.00 0.11 -0.03 0.24 0.30 1.00 0.28 
 4 1.04 -0.06 0.43 -0.14 0.28 0.04 0.28 0.09 1.35 0.38 
 5 1.01 -0.07 0.42 -0.03 0.34 0.02 0.37 0.08 1.45 0.41 
  Re=4.2E04  Re=8.4E04  Re=8.4E04  Re=4.2E04  Re*=8.4E04  
 2 0.96 0.01 0.23 -0.30 -0.01 -0.05 0.02 0.21 0.71 0.19 
 2.5 1.01 -0.06 0.26 -1.43 0.09 -0.07 0.15 0.22 0.93 0.25 
 3 0.92 -0.08 0.30 -1.18 0.10 -0.08 0.19 0.27 0.95 0.26 
 3.5 0.87 -0.09 0.33 -1.05 0.14 -0.04 0.26 0.25 1.02 0.28 
 4 0.99 -0.05 0.38 -0.10 0.30 0.06 0.28 0.07 1.31 0.36 
 5 0.98 -0.07 0.39 0.03 0.35 0.05 0.35 0.06 1.40 0.38 
            
  Re=5.4E04  Re=4.0E04  Re=4.0E04  Re=2.6E04  Re*=5.4E04  
H1GGF 2 0.78 -0.23 -0.16 -0.14 0.12 -0.04 0.16 0.27 0.83 0.26 
GT-Flow 2.5 0.85 -0.15 -0.14 -0.03 0.20 0.00 0.30 0.21 1.05 0.32 
 3 0.84 -0.03 -0.05 0.00 0.25 0.00 0.31 0.18 1.14 0.35 
 3.5 0.84 0.00 0.07 0.01 0.32 0.00 0.40 0.14 1.32 0.41 
 4 0.87 0.02 0.17 0.03 0.40 0.00 0.54 0.11 1.55 0.48 
 5 0.87 0.00 0.25 0.01 0.41 -0.02 0.50 0.10 1.59 0.49 
  Re=8.0E04  Re=5.9E04  Re=5.9E04  Re=4.0E04  Re*=8.0E04  
 2 0.61 -0.48 -0.08 -0.04 0.19 -0.13 0.21 0.37 0.79 0.29 
 2.5 0.60 -0.19 -0.01 -0.08 0.24 -0.06 0.31 0.21 0.92 0.34 
 3 0.62 -0.06 0.08 -0.02 0.26 -0.03 0.33 0.15 1.03 0.38 
 3.5 0.61 -0.04 0.17 -0.01 0.31 -0.04 0.40 0.12 1.16 0.43 
 4 0.61 -0.03 0.23 0.00 0.35 -0.02 0.47 0.10 1.27 0.47 
 5 0.63 -0.01 0.34 0.01 0.38 -0.03 0.48 0.09 1.39 0.51 
            
  Re=5.6E04  Re=4.0E04  Re=4.0E04  Re=2.8E04  Re*=5.6E04  
H1GGF 2 1.05 -0.08 -0.15 -0.02 -0.14 0.04 0.23 0.20 0.95 0.27 
SM-Flow 2.5 1.19 -0.10 -0.24 0.04 0.42 0.05 0.59 0.09 1.62 0.47 
 3 1.14 -0.05 -0.24 -0.01 0.52 0.01 0.61 -0.04 1.65 0.47 
 3.5 1.11 -0.02 -0.25 -0.01 0.60 0.05 0.70 -0.01 1.71 0.49 
 4 1.11 0.03 -0.06 -0.01 0.63 -0.02 0.66 0.01 1.85 0.53 
 5 1.07 0.04 0.14 -0.03 0.59 -0.02 0.58 0.04 1.89 0.54 
  Re=8.5E04  Re=6.2E04  Re=6.2E04  Re=4.2E04  Re*=8.5E04  
 2 1.03 -0.10 -0.13 -0.01 -0.16 0.00 0.25 0.22 0.93 0.26 
 2.5 1.12 -0.13 -0.28 0.02 0.39 0.05 0.55 0.10 1.47 0.41 
 3 1.11 -0.07 -0.28 -0.02 0.49 0.02 0.60 0.00 1.55 0.44 
 3.5 1.07 -0.03 -0.24 -0.04 0.55 0.02 0.65 0.00 1.61 0.45 
 4 1.10 0.03 -0.05 -0.05 0.54 -0.02 0.61 0.01 1.76 0.50 
 5 1.02 0.01 0.04 -0.04 0.54 -0.02 0.60 0.02 1.74 0.49 
            
  Re=2.6E04  Re=3.9E04  Re=3.9E04  Re=5.4E04  Re*=5.4E04  
FGGH1 2 0.87 -0.02 0.07 -0.53 -0.01 -0.04 0.30 0.09 0.77 0.24 
GT-Flow 2.5 0.85 -0.10 0.05 -0.18 0.05 0.09 0.40 0.00 0.89 0.28 
 3 0.73 -0.10 0.09 -0.13 0.13 -0.01 0.45 0.01 0.97 0.30 
 3.5 0.99 -0.10 0.23 -0.11 0.21 -0.02 0.39 0.06 1.20 0.37 
 4 1.06 -0.09 0.30 -0.06 0.22 -0.02 0.40 0.05 1.30 0.40 
 5 1.01 -0.09 0.34 -0.05 0.24 -0.04 0.42 0.03 1.35 0.42 
  Re=4.0E04  Re=5.9E04  Re=5.9E04  Re=8.0E04  Re*=8.0E04  
 2 0.75 0.07 0.04 -0.23 0.11 0.00 0.28 0.08 0.77 0.28 
 2.5 0.80 -0.07 0.02 -0.01 0.11 0.11 0.39 0.09 0.88 0.32 
 3 0.71 -0.09 0.06 -0.01 0.16 0.01 0.42 0.07 0.93 0.34 
 3.5 0.89 -0.09 0.22 -0.08 0.21 -0.01 0.39 0.11 1.14 0.42 
 4 0.99 -0.10 0.29 -0.05 0.22 -0.01 0.39 0.09 1.26 0.46 
 5 0.97 -0.09 0.32 -0.03 0.25 -0.12 0.41 0.05 1.31 0.48 
            
  Re=2.8E04  Re=4.1E04  Re=4.1E04  Re=5.6E04  Re*=5.6E04  
FGGH1 2 0.84 0.03 -0.03 -0.79 -0.02 -0.01 0.28 0.12 0.66 0.19 
SM-Flow 2.5 0.87 -0.08 0.03 -0.61 -0.03 0.06 0.38 0.08 0.81 0.23 
 3 0.73 0.04 0.04 -0.14 0.13 0.01 0.49 -0.01 0.97 0.28 
 3.5 0.78 -0.06 -0.01 -0.05 0.21 -0.03 0.49 0.00 1.02 0.29 
 4 0.75 -0.03 0.07 -0.09 0.26 -0.04 0.46 0.01 1.08 0.31 
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 Upstream 
Cylinder  
2nd cylinder  3rd cylinder  Downstream 
Cylinder  
Combination  Combination 
& Flow 
Condition L/d1 Cd C l Cd C l Cd C l Cd C l Cd* F* 
 5 0.95 -0.03 0.36 -0.05 0.27 -0.02 0.43 0.03 1.36 0.39 
  Re=4.2E04  Re=6.2E04  Re=6.2E04  Re=8.5E04  Re*=8.5E04  
 2 0.92 0.03 -0.05 -0.85 -0.02 -0.04 0.28 0.13 0.68 0.19 
 2.5 0.86 -0.05 0.02 -0.64 -0.02 0.04 0.37 0.12 0.79 0.22 
 3 0.74 0.02 -0.01 -0.01 0.16 -0.02 0.47 0.04 0.95 0.27 
 3.5 0.78 -0.02 -0.03 0.02 0.23 -0.01 0.48 0.08 1.01 0.29 
 4 0.77 -0.02 0.04 0.01 0.31 -0.03 0.46 0.07 1.10 0.31 
 5 0.99 -0.03 0.32 -0.09 0.26 -0.01 0.42 0.06 1.34 0.38 
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